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Abstract
The rapid development of personalized, portable and wearable electronic devices calls for high
performance lithium-ion batteries (LIBs). Molybdenum disulfide (MoS2), a representative twodimensional (2D) transition metal dichalcogenides (TMDs) material, is a promising anode material
with a high theoretical capacity of 670 mAh g-1. However, it suffers from low conductivity,
restacking problem and volume changes that limit its commercial application. The goal of this thesis
is to develop high-performance porous MoS2/carbon materials (MC) anodes for LIBs, by applying
the strategies of creating a 3D porous structure and incorporating with carbon materials. A 3D porous
structure with large surface area can not only facilitate electrolyte ions diffusion but also
accommodate the volume changes of MoS2. The incorporated carbon materials are able to separate
MoS2 layers thus suppressing their restacking problem as well as act as fast electrons pathways with
an enhanced conductivity. The excellent mechanical properties of carbon materials also facilitate
the realization of good flexibility in MC film electrodes for flexible batteries.

In this thesis, two types of materials, MoS2/nitrogen-doped carbon nanotubes (MoS2/CNT)
nanocomposites and freestanding flexible MoS2/reduced graphene oxide (MoS2/rGO) films, have
been developed. Polypyrrole (PPy) and liquid crystalline graphene oxide (LCGO) are employed as
the carbon sources to produce nitrogen-doped carbon and rGO for their incorporation with MoS2,
respectively. Combined with the created 3D porous structures, these MC composites all demonstrate
a greatly improved electrochemical performance. Most importantly, a facial LCGO-based selfassembly process is developed for fabricating freestanding, flexible and porous MoS2/rGO films.
The first work employs PPy nanotubes as the nitrogen-doped carbon source to incorporate with
MoS2 as well as the templates to form tubular nanostructures. Through a hydrothermal reaction
combined with a subsequent annealing process, high-performance MoS2/CNT nanocomposites are
produced. For comparison, MoS2/nitrogen-doped carbon nanoparticles (MoS2/CNP) composites are
prepared by using PPy nanoparticles. MoS2/CNT have a similar MoS2 content as MoS2/CNP, but
show a much higher BET surface area. As a result, MoS2/CNT offer greatly improved
electrochemical performance than a MoS2/CNP sample, demonstrating the importance of the 3D
porous structure. The outstanding performance of MoS2/CNT composites compared to neat MoS2
confirms the important role of incorporating carbon materials in enhancing the performance of MoS2.
In my second work, high-strength graphene is incorporated with MoS2 to construct 3D porous
freestanding flexible MoS2-reduced graphene oxide (MG) films.

In the mixed dispersion of

exfoliated MoS2 and LCGO precursor, a layered structure with small exfoliated MoS2 nanosheets
sandwiched between large LCGO sheets is formed. A facile spontaneous self-assembly process
occurs directly in this precursor at a low temperature (70 °C) and normal atmosphere (1 atm). The
produced freestanding, flexible and porous MG film with excellent flexibility and good lithium
storage performance is a promising anode for flexible LIB. This facial self-assembly method may
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provide a new avenue for the development of 3D porous flexible composite electrode materials with
high performance.
To meet the practical requirement of flexible anodes, the above self-assembly process is further
exploited in my third work to fabricate electrodes with high areal lithium storage performance by
directly using large-sized commercial MoS2 powders to substitute exfoliated MoS2 nanosheets in
the MoS2/LCGO dispersion. The robust liquid crystalline structure of ultra-large LCGO nanosheets
is able to stabilize non-dispersible MoS2 powders. The preservation of liquid crystalline state in the
dispersion evidences the formation of a layer-by-layer structure with MoS2 particles sandwiched
between LCGO nanosheets. Freestanding flexible MoS2/reduced graphene oxide (MSG) films are
obtained via a simple self-assembly process at 70 oC with the assistance of H3PO2 coupled with a
freeze-drying treatment. The obtained MSG film with a high areal mass loading of 8.2 mg cm -2 and
a high fracture strength of 2.73 MPa displays both good gravimetric and areal capacity. This work
not only demonstrates a promising anode with high areal performance for flexible LIBs but also
provides a potential avenue of processing other non-dispersible materials using LCGO dispersion.
To sum up, both MoS2/CNT nanocomposites and freestanding flexible MoS2/rGO films have been
developed as high-performance anodes for LIBs. The results clearly demonstrate the effectiveness
and importance of the combination of a 3D porous structure with the incorporation of carbon
materials in improving the performance of MoS2. This thesis also gives insight into the interactions
between MoS2 nanosheets/particles and LCGO nanosheets as well as providing a facial selfassembly method to fabricate high-performance freestanding and flexible MoS2/rGO electrodes for
flexible LIBs.
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Chapter 1. Introduction
Background
The rapid development of technology has greatly impacted on our daily life. Now we can enjoy a
more convenient and comfortable life than ever before. The market for portable electronics currently
is rising like a rocket driven by customers’ demands.[1–4] The most common mobile devices in our
daily life include cellphones, laptops and tablets that can be used as powerful tools for
communication, work, entertainment, and healthcare. Now we can't imagine our life without these
devices. Regarding to the transport modes in our daily life, electric vehicles or hybrid electric
vehicles are attracting our attention (Figure 1.1a) as they can display outstanding properties
including environmental friendliness and autopilot.[5]

Figure 1.1 Demonstrations of the latest electronics. (a) Electrical vehicle from Tesla (Model X);[5]
(b) Ralph Lauren’s “polo tech shirt”;[6] (c) FlexPai Smartphone and (d) flexible wearables combo
(shirts and top hat) from Royole.[7]
In recent years, wearable electronics such as glasses and watches emerged quickly and caught
people’s eyes.[8–13] Some prototypes have been on the market (Figure 1.1 b-d). For example, “polo
tech shirt” embedded with sensors was announced by Ralph Lauren in 2014.[6] Foldable FlexPai
smartphones and flexible shirts/top hat with super-flexible displays were produced by Royole,[7]
which are now available in their store. All those products need a stable power supply system to
perform the function, which is predominantly a battery system. The introduction of new functions
into these devices calls for the development of new-generation energy storage devices with
lightweight, high energy/power density, excellent rate performance, good durability, and high
reliability.[14–16] To power flexible electronics, flexible batteries are highly desirable.[16–18]
Among various power supply systems, lithium ion batteries (LIBs) are the most used ones to power
Page | 1

portable electronics. As shown in the Ragone plots that illustrate specific power vs. energy density
of various energy storage devices (Figure 1.2), LIBs possess higher energy density than capacitors
and most of the batteries; only lower than non-rechargeable lithium primary batteries. Comparing
with other types of batteries, LIBs also display wide operation temperature range, high operating
voltage, relatively long cycle life, rapid charge/discharge capability, high energy efficiency and lack
of memory effect.[19–21] These are the reasons that LIBs are dominating the present battery market,
accounting for 63% of the worldwide sales values in portable batteries.[22,23] The performance of
commercial LIBs have been greatly improved compared with that obtained ten years ago. For
example, the battery in a Motorola V180 cellphone fabricated in 2004 had a capacity of only 860
mAh (25 g).[19] Now the capacity can reach 2658 mAh (41 g) in an iPhone XS .[24] However, LIBs
are still lagging far behind the rapid development of various portable electronic devices and electric
vehicles, and are the bottleneck now.

Figure 1.2 Ragone plots of various electrical energy storage devices.[25]

Lithium ion batteries (LIBs)
In this section, key components and working mechanism of LIBs are stated briefly. The techniques
for evaluating the electrochemical properties of electrodes or batteries are also introduced.

1.2.1

Working principles

The first graphite/LiCoO2 LIB was commercialized by Sony Corporation in 1991.[22,23] In LIBs, the
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mutual transformation between chemical energy and electrical energy is realized through redox
reactions between anodes and cathodes with the assistance of electrolyte ions (Li+).[26,27] A schematic
diagram illustrating the working principles is shown in Figure 1.3. In general, crystal lattice sites of
electrodes materials host lithium ions (Li +), and the storage capability determines the capacity of
active materials.[27–30] As illustrated in equations 1-1 and 1-2, lithium ions are de-intercalated from
anodes and intercalated into cathodes during the discharging process, accompanied by the electrons
transport from anodes to cathodes through the external circuit.[30] When charging, electrons are
transferred from the external circuit to the anodes while lithium ions are set free from the cathodes
and migrate to the anodes through the internal flow.[22] In a typical C/LiCoO2 battery, these reactions
are reversible (Equation 1-3) facilitating the reversible charge/discharge processes.[31]

Figure 1.3 Schematic diagram of a typical LiCoO2/graphite LIB.[32]
Half reaction at Anode:
𝑐ℎ𝑎𝑟𝑔𝑒

6 C + x Li+ + x e-

→
←

𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

LixC6

1-1

Half reaction at Cathode:
𝑐ℎ𝑎𝑟𝑔𝑒

LiCoO2

→
←

𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

Li(1-x)CoO2 + x Li+ + x e-

1-2

Overall reaction:
𝑐ℎ𝑎𝑟𝑔𝑒

LiCoO2 + 6C

→
←

𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

Li(1-x)CoO2 + LixC6

1-3

Now commercial rigid LIBs are widely used in the technologies impacting almost every aspects of
our life. To fit for different applications, they are fabricated into different configurations such as
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cylindrical, coin-type and prismatic (Figure 1.4). They are composed of four main components of
electrodes, electrolyte, separator, and packaging materials. Some basic information of them are
outlined below.

Figure 1.4 Schematic illustration showing the shape and components of various LIBs configurations:
cylindrical (a), prismatic (b) and coin (c) LIBs.[23]
1.2.1.1 Electrodes
In commercial LIBs, electrodes are fabricated by casting a mixed slurry on a metal foil substrate that
also works as current collector. To fulfil the demands of high conductivity and electrochemical
stability over the applied potential range, copper foil and aluminum foil are used as substrates for
anode and cathode, respectively. In a typical rechargeable LIB, the cathode offers higher potential
(~3 to 4.5 V vs Li/Li+) while the anode possesses lower potential (~0.01 to 1.5 V vs Li/Li+). The
good electrochemical stability of aluminium at high potentials can prevent its redox reaction in
cathodes while copper is much stable at low potentials. They cannot be swapped since aluminium
can be involved in the reaction of alloying and delloying with lithium at low potentials,[33] while
copper is unstable against lithium at high potentials.[34]
The electrode material commonly involves active materials, polymer binder and conductive
additive. Polymer binder is applied to improve the adhesion between electrode materials and current
collector. PVDF is the widely used binder due to its good electrochemical stability and strong
adhesion.[35] The incorporation of conductive additive enhances the conductivity of electrodes for
efficient electron transport, as most of the active materials are metal compounds with low
conductivity. Carbon nanomaterials such as carbon black and acetylene black are the widely used
conductive additives in commercial battery electrodes, owing to their high conductivity, low weight,
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high chemical inertia and high specific surface area.[36,37] More discussion about active materials are
presented in Section 1.3.
1.2.1.2 Electrolyte
Currently, liquid electrolyte with fast ion transport is commonly used in commercial LIBs. It
contains dissociated lithium salts which commonly comprise LiPF6 in an organic solvent mixture
composed of ethylene carbonate (EC), dimethyl carbonate (DMC), or diethyl carbonate (DEC).[23,38]
The mixture of carbonate solvents is to satisfy the requirements of dissolving LiPF6, high ionic
conductivity, low viscosity and formation of stable solid-electrode interface; in order to achieve high
discharge capacity, high rate performance and long service life.[39,40] The widely used liquid
electrolyte 1 M (mol/L) LiPF6 in mixed EC/EMC/DMC has a conductivity of ~10 mS cm-1 at room
temperature (20 °C). Some additives have been added into the electrolyte in order to enhance the
ionic transport properties and widen the working temperature. For example, tris(2,2,2-trifluoroethyl)
phosphate is added into the electrolyte as a LiPF6 salt stabilizer and fire-retardant additive while
LiBOB is used as an overcharge protector.[41]
1.2.1.3 Separator
Separators are films placed between anodes and cathodes to prevent their physical contact while
allowing the ionic transport.[42] They should be chemically and electrochemically stable in the
electrolyte and in contact with electrode materials. The mechanical properties, ion permeability and
electrolyte wettability of separators are related to their pore size, pore distribution and porosity.[42–
44]

The properties of separators impact on the battery’s functioning. A low thickness and uniform

pore distribution are required for high energy power density.[44] For commercial LIBs, most
separators have a porosity of 30-50% in a thickness of 20-25 μm.[43,45]
1.2.1.4 Packaging materials.
Packaging materials are used to confine the components of LIBs and prevent the vaporization or
leakage of electrolyte. They also stop the ingress of oxygen and moisture in the atmosphere into the
highly hygroscopic and reactive electrolyte, which may result in electrolyte degradation or even
safety issues.[46] They must be chemically and electrochemically stable in the electrolyte, in addition
to the sealability to stop the evaporation of electrolyte solvents and permeation of air.[47] Currently
stainless steel is the widely used packaging material.[47] For flexible batteries, a laminated composite
film has been developed, which consists of a thin aluminium layer to stop the air permeation with
an inner plastic layer for thermally sealing and an outer plastic layer for protecting the aluminium
layer.[48]

1.2.2

Performance evaluation
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The electrochemical performance of LIBs can be evaluated from the aspects of charge/discharge
capacity, rate capability, cycling stability and energy/power density. They are briefly introduced as
follows.
1.2.2.1 Capacity
Discharge capacity represents the quantity of electrical charge that can be outputted. It is dependent
on the inherent properties of active materials and the amount. For example, the commercial
cylindrical LiCoO2-based 18650 (diameter of 18 mm and length of 65 mm) LIB can deliver a
capacity of 1.5 - 2.6 Ah, while a LiFePO4 high power cell with a size of 178×71×28 mm3 possesses
a capacity of 20 Ah.[49,50] To make comparison between different active materials, specific capacity
in the unit of weight, area or volume is introduced. Among them the gravimetric capacity is widely
used. The theoretical gravimetric capacity of an active material can be calculated according to
Faraday’s law following Equation (1-4):
Co =

𝑛∙𝐹
3600∙𝑀

1-4

where Co is the theoretical capacity in Ah g-1, n is the number of electrons involved in the reaction,
M is the molar weight of active materials in g mol-1. F is the Faraday constant of 96485 C mol-1
(96485 A∙s mol-1).
Usually the delivered capacity is lower than the theoretical capacity, as the inserted lithium ions
cannot completely migrate out of the lattice of the host material. For example, layered LiCoO2 has
a theoretical capacity of 274 mAh g-1, but can only deliver about half of the capacity in commercial
batteries (145 mAh g-1) at present.[26] Galvanostatic charge/discharge (GCD) tests are performed to
investigate the specific capacity of active materials in practice. GCD is a technique of repeatedly
charging and discharging batteries at the designated current densities over a fixed voltage range.
Charge/discharge profiles can also be used to characterize the coulombic efficiency, capacity, rate
capability and cycling stability of active materials/electrodes/batteries. The gravimetric/areal/
volumetric capacity estimated from the GCD tests is as follows:
C= i∙t

1-5

where C is the specific capacity in mAh g-1 with regards to the gravimetric capacity, i is the constant
current density in mA g-1, t is the discharge time in h. Areal and volumetric current density can be
applied to calculate the areal and volumetric specific capacity.
1.2.2.2 Energy and power density
Energy density and power density are used to evaluate the energy storage and output ability of LIBs.
They are estimated using the following equations:
W = CV
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1-6

P = IV

1-7

where W is the energy density in Wh kg-1, P is the power density in W g-1, C is the specific capacity
in Ah g-1, I is the current in A and V is the operation voltage in V.
Ragone plots are commonly used to demonstrate the energy and power that can be delivered from a
battery system, where energy density is plotted versus power density. These plots are especially
useful when comparing the results from different groups or battery systems. Obviously, energy
density and power density of LIBs are proportional to the specific capacity and current density,
respectively. Basically, energy storage devices including LIBs exhibit a high capacity at low current
density and a decreased capacity as high current density, demonstrating an inversely proportional
relationship between energy density and power density.
1.2.2.3 Rate capability and cycling stability
Rate capability is used to evaluate the specific capacity that can be delivered at different current
densities. C-rate is a common indicator to demonstrate the charge or discharge rate of a battery,
which is defined according to the theoretical capacity that can be fully discharged in 1 hour. For
example, 1 C refers to a full discharge time of 1 h, while it takes two hours to discharge a battery at
0.5 C. For example, the current of 1 C is 3.6 A for a 3.6 Ah battery.
Cycling stability of LIBs is the parameter to evaluate their working life. It is also estimated by the
GCD test at a constant current density. Cycling tests present the capacity to be delivered at every
cycle. Capacity retention ratio after the cycling test or capacity loss rate per cycle is used to evaluate
the capacity degradation/dropping rate. At a certain depth of discharge (DOD, the percentage of
capacity used during the discharge process), the lifespan of a commercial battery is usually
determined by the cycle that its capacity reaches to 80% of original capacity.[51] For example, a
commercial LiFePO4/graphite battery have a 100% DOD cycle life of about 2000-7,000 cycles and
a 10% DOD cycle life of more than 10,000 cycles.[52]

1.2.3

Flexible LIBs

Wearable electronics are rapidly developed to provide intelligent assistance for customers such as
tracking and analyzing body data, interacting with the online world and even saving life.[53] To fit
the human body comfortably and meet the requirements for deformations, most wearable electronics
require flexibility. This aroused the requirement for flexible LIBs to match so that they can endure
deformations and maintain high and stable performance. Flexible LIBs of good conformability and
light weight can adapt to fit irregular space in the weight-/volume-limited wearable electronics.[54]
Flexible LIBs have similar components as traditional rigid batteries–electrodes, electrolyte,
separator, and packaging materials, but with the flexible features that require all flexible parts to
match. As the commonly used soft packaging material of aluminium-laminated package and
polymer based separator are intrinsically flexible, shape-conformable electrolyte and flexible
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electrodes turn out to be the two main barriers for flexible LIBs. [16] Flexible batteries exist in two
main shapes: flat films and fibers (Figure 1.5).

Figure 1.5 Schematic illustration showing two types of flexible batteries. (a) A flat flexible battery
and (b) a fiber battery weaved into textile.[16]
Traditional electrodes consist of pasted active materials on metal foil substrates and are not
customized for use in flexible batteries. Deformation can cause severe delamination between active
materials and metal foil substrates due to the poor adhesion strength, resulting in dramatically
deteriorated performance or even failure.[17] Therefore, it calls for the development of freestanding
and flexible electrodes with high strength and robustness to maintain a good lithium storage
performance under deformations. There are mainly two kinds of flexible electrodes for flexible
LIBs: substrate-supported electrodes, and freestanding electrodes. Traditional metal substrates are
widely used electrode substrates that possess the advantages of excellent mechanical properties, and
high conductivity. However, they suffer from the drawbacks of dead volume/weight and poor
adhesion with active materials.[54] Therefore, carbon-based flexible substrates such as graphene
paper[55] and carbon cloth[56] have been developed as current collector to load active materials, but
they still cannot completely eliminate the drawbacks from substrates. Freestanding and flexible films
that are robust/strong enough can be directly used as electrodes without the need of substrates. They
can offer good flexibility without the delamination problem, as well as high power/energy density
by getting rid of dead weight/volume from substrates, polymer binders and conductive
additives.[16,57] Those flexible electrodes may be bendable, compressible or stretchable.[15] It should
be mentioned that

these flexible electrodes are still at the laboratory-level, not in practical

applications yet.[58] The complicated fabrication procedures and/or low yielding rate limit their largescale production.
Commercial liquid electrolyte needs to be replaced with polymer or solid electrolyte to avoid the
leakage and/or non-uniform distribution problems under deformations.[59] Polymer electrolytes with
high mechanical strength and ionic conductivity are highly desirable for fabricating flexible batteries,
which can bring in the advantages of flexibility, free from electrolyte leakage, and safety.[16,60] They
are in two typical forms: solid polymer electrolyte and hybrid gel polymer electrolyte.[23] Solid
polymer electrolytes (SPEs) are preferred for their high safety and wide transformability.[16,61] The
first reported SPE was poly(ethylene oxide) (PEO)-alkali metal salt SPE, which inspired researchers
to explore PEO-LiX complex electrolytes.[61] However, Li ions transport is assisted by the local
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motion of polymer chains in SPEs, restricting its ionic conductivity at room temperature. [62–65] In
contrast, gel polymer electrolytes (GPEs) possess the merits of both solid and liquid electrolytes,
and offer good ionic conductivity.[65] GPEs are a kind of hybrid system that are fabricated by
absorbing organic liquid electrolytes into a polymer matrix such as PEO, poly(vinylidene difluoride)
(PVDF), poly(methyl methacrylate) (PMMA) and poly-(vinylidene fluoride-hexafluoropropylene)
(PVDF-HFP)) copolymer.[64–68] Lithium ion can transfer through the swollen gelled phase or the
absorbed liquid electrolyte in GPEs, displaying much higher ionic conductivity than the SPEs.[69]

Electrode materials
Electrode materials are materials referring to the main active materials in electrodes used to
intercalate/de-intercalate with electrolyte ions to afford lithium storage performance. They play the
main role in the delivered electrochemical performance of a battery. Based on their function, they
can be classified as cathode materials and anode materials. The commonly used electrode materials
are briefly presented as follows.

1.3.1

Cathode materials

Figure 1.6 Representative crystal structures of cathode materials for lithium-ion batteries: (a)
layered LiCoO2; (b) cubic LiMn2O4 spinel; (c) olivine structured LiFePO4.[70]
A cathode material in LIBs act as a solid host network to store lithium ions, being Li+ sources. They
are usually Li-ion host materials possessing high positive redox potentials, such as LiCoO2, LiMn2O4,
and LiFePO4.[31] These transition metal oxides with layered, spinel or olivine crystal structures have
already been commercialized (Figure 1.6). Layered LiCoO2 (LCO) was the first developed cathode
material by Sony due to its high theoretical specific capacity, low self-discharge, and high discharge
voltage.[26] However, it suffers from low thermal stability, high cost and toxicity of cobalt.[70,71]
Spinel LiMnO4 (LMO) and olive LiFePO4 (LFP) are another two widely used cathode materials in
commercial batteries benefiting from their low cost and safety. They provide lower theoretical
capacity but much better rate capability than layered LiCoO 2.[26] Currently, more safe and
environmentally friendly multi-metal compounds are being explored and some of them have been
successfully

commercialized;

such

as

LiNi0.5Mn0.5O2,

Li1.2Mn0.6Ni0.2O2

and

LiNi0.33Mn0.33Co0.33O2 .[29,70]
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1.3.2

Anode materials

Lithium metal was the first to be used as anode material due to its low electrochemical potential (3.040 V vs. standard hydrogen electrode) and high theoretical capacity of 3860 mAh g-1.[72] However,
it shows many demerits such as poor cycle life and short circuit risks caused by the generated
dendritic lithium during the repeated charge/discharge cycles.[26] To date, many anode materials with
improved cycling stability and good safety have been developed. According to the reaction
mechanism, those anodes materials can be classified into three different kinds according to their
lithium storage mechanism: intercalation/de-intercalation materials, alloy/de-alloy materials, and
conversion materials.[27]
1.3.2.1 Intercalation/de-intercalation materials
Intercalation/de-intercalation anode materials are a kind of active materials that mainly store
electrolyte ions on their layer surface. Carbon materials are typical representatives. Since its first
commercialization in 1991,[22,23] graphite is still the predominantly used commercial anode material
due to its low cost, abundance, low intercalation potential (< 0.25 V),[26] despite its relatively low
theoretical capacity of 372 mAh g-1 (forming LiC6) and a low power density resulting from its low
Li+ transport rates (10-6 cm2 s-1).[31] The intercalation of lithium ions between graphene planes
provides its electrochemical activity (Figure 1.7a), which was first discovered by Rachid
Yazami.[73,74] Carbon materials with much higher theoretical capacity than graphite have also been
developed, such as hard carbon[27], carbon nanotubes (CNTs)[75] and graphene[76].

Figure 1.7 Crystal structures of (a) lithiated graphite and (b) lithium titanate (LTO). [26]
LTO is another successfully commercialized anode material (Figure 1.7b) due to its superior
thermal stability and low volume change.[27,77] Good thermal stability leads to high safety while the
small volume change of only 0.2 % during the charge/discharge processes greatly promotes cycling
stability.[26] However, LTO suffers from a high working potential (1.5-1.6 V), low theoretical
capacity (175 mAh g-1) and low energy density. The severe gassing problem formed from the
reaction between electrolyte and LTO is another big challenge facing LTO.[78] All those drawbacks
limit its wide application.
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1.3.2.2 Alloy/de-alloy materials
Those anode active materials that can form alloys with lithium ions are classified as alloy/de-alloy
materials. This kind of materials mainly include silicon (Si), germanium (Ge) and tin oxide (SnO2).
They have aroused intense interest as LIB anode candidates due to their high specific capacity.[79]
They usually possess high theoretical capacity. The specific theoretical capacity ranges from 783
mAh g-1 for SnO2 to 4200 mAh g-1 or 9786 mAh cm-3 for Si (forming Li22Si5).[27,80] Among them, Si
is the most attractive one due to its abundance, lost cost, chemical stability, non-toxicity, and low
average delithiation potential (< 0.5 V). However, it suffers from a severe volume change problem
(~ 400 % for Si, Figure 1.8) limiting their commercialization.[81] Such huge expansion of Si may
destroy the SEI protective layer causing continuous electrolyte decomposition, loss of Li inventory
and increasing cell impedance.[26,27] The serious capacity degradation and short cycle life are two
common issues to be addressed facing alloying materials.[26] Currently, Si is mainly doped into
carbon materials for use at a low content of less than 10%.[82]

Figure 1.8 Crystal structures of silicon during lithiation.[26]
1.3.2.3 Conversion materials
Conversion materials are a series of transition metal compounds that have redox reactions with
electrolyte ions (i.e. lithium ions in LIBs). They include oxides, phosphides, sulfides and nitrides,
offering capacities in the range of 500-1000 mAh g-1 which is much higher than commercial
graphite.[27,83] During the electrochemical processes, reduction (oxidation) of transition metal
proceeds along with the composition (decomposition) of lithium compounds. For example, Co 3O4
has a theoretical capacity of 890 mAh g-1 according to the following electrochemical conversion
reaction[84]:
Co3O4 + 8 Li+ + 8 e- ↔ 4 Li2O + 3 Co

1-8

Currently, transition metal dichalcogenides (TMDs) have become very attractive since they possess
excellent electronic, optical, catalytic and electrochemical properties. [85] TMDs,

one type of

graphene analogues, are in a form of MX2, in which M represents transition metal elements such as
molybdenum, tungsten, titanium and niobium while X stands for a chalcogen such as S and Se. Two
layers of chalcogen elements and a sandwiched layer of transition metal element constitute a single
layer of TMDs, which are stacked into bulk TMDs materials through van der Walls interactions. [86]
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TMDs materials have many merits as energy storage materials, as their layered structure can provide
high surface area and short diffusion pathways.[87–89] The high theoretical capacity of TMDs
materials makes them promising anode materials in LIBs.[88] The two-dimensional (2D) layered
structure can also be easily exfoliated into monolayers, offering high surface area for high storage
of lithium ions and large contact area with the electrolyte for fast diffusion of electrolyte ions.

Molybdenum disulfide (MoS2)
1.4.1

Structure of MoS2

As a representative TMD material, molybdenum disulfide (MoS2) has been deployed in many
applications such as lubrication, catalysis and photovoltaics. [90,91] It had been used for developing
high performance electrodes in lithium/sodium/potassium/aluminum/Zinc ion batteries[92–99],
lithium-oxygen batteries[100,101], lithium-sulfur batteries[102–105] and supercapacitors[106–109] due to its
low cost and good electrochemical activity.

The crystal structure of MoS2 has two main

configurations: triangular prism structure named as 1T-MoS2, and octahedral structure denoted as
2H-MoS2 (Figure 1.9a). MoS2 with a triangular prism structure in bulk materials is semi-conductive,
while MoS2 in octahedral structure shows more metallic properties that usually exists in the
exfoliated MoS2.[110,111] MoS2 monolayers are restacked through weak Van der Waals interactions
with an interlayer distance of 0.65 nm (Figure 1.9b).[110] Every single MoS2 layer has the S-Mo-S
configuration that possesses a layer of Mo atoms sandwiched between two layers of S atoms via
strong covalent bonding. The 2D structure provides a large area for storing lithium ions with
shortened diffusion pathways. The high interlayer distance of MoS2 layers facilitate the insertion of
lithium ions with an ionic radius of 0.076 nm. This unique structure endows MoS2 with a high
theoretical capacity of 670 mAh g-1, much higher than commercial graphite anodes (372 mAh g1 [110,112]

).

Figure 1.9 Structure of MoS2. (a) Crystal structures of MoS2 in 2H phase and 1T phase;[113] (b)
Illustration of multilayered MoS2 with an interlayer spacing of ~0.65 nm.[92]
The insertion of lithium ions into the crystal structure of MoS2 is accompanied by a structural change
from 2H semi-conductive state to 1T metallic phase, which occurs in the discharge process of
MoS2.[114] Then the formed LixMoS2 is reduced to Li2S and metallic Mo during the charging process.
This transition process is irreversible, and the Li2S/S redox couple reaction dominates the following
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discharge/charge cycles.[115] The produced nanoscale crystallite Mo is electrochemically inert due
to its high oxidation potential against lithium.[115] Nevertheless, its high conductivity guarantees a
good rate capability, while the surface of produced nanoscale crystallite Mo and lithium sulfides can
provide extra lithium storage for achieving a high capacity.[116] Moreover, metallic Mo may suppress
the capacity degradation resulting from the dissolution problems of lithium polysulfide in carbonatebased electrolyte by absorbing them on the surface.[115]

1.4.2

Preparation of 2D MoS2

2D MoS2 nanosheets can be fabricated through a variety of methods, which can be divided into two
types: top-down exfoliation method and bottom-up growing method. Generally, the top-down
method is to exfoliate bulk materials into monolayer nanosheets, while the bottom-up method
involves a growing process through chemical reactions.
1.4.2.1 Top-down exfoliation method
Top-down exfoliation methods are commonly used to exfoliate bulk 2D MoS2 to a few or single
layer products.[117–119] Those exfoliated MoS2 nanosheets can provide much larger surface area and
layers spacing than bulk MoS2.[117,120,121] The few-layers or monolayer structure can load more
electrolyte ions on the surface and boundary, while the large contact area with electrolyte can shorten
the diffusion pathway for fast diffusion of electrolyte ions. These merits endow exfoliated MoS2
with excellent electrochemical performance as an anode material in lithium ion batteries.
The exfoliation can be achieved by physical exfoliation and chemical/electrochemical exfoliation.
The former method is usually operated with the assistance of ultra-sonication, which can produce
mechanical vibration energy via sound waves to separate neighboring nanosheets with less defects
(Figure 1.10a).[122,123] Organic polarized solvents such as N-methylpyrrolidone (NMP) and N,Ndimethylformamide (DMF) and surfactants such as cetyltrimethylammonium bromide (CTAB) and
sodium dodecyl sulfate (SDS) are commonly used to boost the production yield and quality of
physical exfoliation.[124–127] Both of them can weaken the van de Waals force and prevent the
restacking of MoS2 layers through charge repulsion.[127]
Chemical exfoliation can exfoliate bulk materials into monolayer or few-layers nanosheets in large
quantity through chemical reactions. They are the predominant method to fabricate MoS2 and other
2D materials due to their simplicity and scalability. On the other hand, exfoliation can also be
achieved electrochemically or chemically. The electrochemical method is commonly performed in
a LIB system with bulk MoS2 as cathode and lithium foil as anode (Figure 1.10b). Under the applied
voltage, lithium ions can be inserted into adjacent MoS2 layers and then separate them forming MoS2
nanosheets. The inserted Li+ ions are from intercalation agents such as alkali metals, Lewis bases
and organolithium compounds.[111,128] N-butyllithium (BuLi) in n-hexane is a commonly used agent
to produce high-quality MoS2, which involves a lithium intercalation process forming LixMoS2 and
a subsequent sonication-exfoliation procedure in water to yield stable colloidal suspension (Figure
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1.10c).[129–131] The intercalation of Li ions enlarges the interlayer spacing of MoS2 and weakens the
van der Waals force. Moreover, the inserted Li ions into MoS2 results in a structure transfer from
semi-conductive 2H MoS2 into metallic 1T phase MoS2 with high conductivity, which can enhance
the rate performance of MoS2 as anode materials by promoting the electron transportation.[132–135]
Other types of organolithium compounds (i.e., n-butyllithium (n-Bu-Li) and tert-butyllithium (t-BuLi)) and alkali metal naphthalenide have also been reported to produce exfoliated MoS2.[117,118,136]

Figure 1.10 Top-down exfoliation methods of MoS2: physical exfoliation[127] (a), electrochemical
exfoliation[130] (b) and chemical exfoliation[132] via a lithium intercalation process (c) of MoS2.
1.4.2.2 Bottom-up methods
Chemical vapour deposition (CVD), electrosynthesis and hydrothermal methods are three common
bottom-up methods to synthesize MoS2. CVD can produce high-quality, large-size and layercontrolled MoS2 on specific substrates.[137–139] Uniform MoS2 can be easily deposited on SiO2/Si
substrates by using feed resources containing Mo element (i.e., MoO3, Mo(CO)6, or MoCl5) and S
element (i.e., S powder or H2S).[137,138] For the electro-synthesis method, conductive electrode is
employed as substrate for the growth of MoS2 from Mo precursor such as ammonium
tetrathiomolybdate. Ammonium tetrathiomolybdate is transformed into MoS2 according to the
following equation (Equation 1-10) and loaded on the substrate through the electrochemical
reaction driven at the applied electrical signal.[140]
MoS42- +2 e- + 4 H+ → MoS2 + H2S

1-10

The hydrothermal process is a widely used bottom-up chemical synthesis method with the
advantages of simplicity, high efficiency and easy scalability.[141–143] It is often carried out in a Teflon
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autoclave under high temperature (180-220℃) and high pressure by using Mo/S precursors and
reducing agents. For example, sodium molybdate (Na 2MoO4) commonly reacts with thiourea/Lcysteine (CH4N2S/C3H7NO2S), while ammonium tetrathiomolybdate ((NH4)2MoS4) reacts with
hydrazine hydrate (N2H4∙H2O).[141,144,145] In a typical hydrothermal process, the redox reaction
between the precursors generates 2D MoS2 monolayers. Few-layered MoS2 are restacked together
due to the van der Waals force forming nanoplates or nanoflakes of tens of nanometers. Those
nanoflakes can further self-assemble into flower-like microspheres (Figure 1.11) This
hydrothermally grown method is more attractive compared with other methods, since it can regulate
the structure by applying different templates. Well-defined nanostructures such as flower-like
particles, hollow spheres and nanotubes can be prepared through the template shaping and/or selfassembly strategies.[146–148] Foreign species from the precursors, solvent or other additives may be
trapped in-between these MoS2 layers, resulting in an expanded lattice spacing facilitating the
diffusion of Li+ into MoS2 layers.[131]

Figure 1.11 Schematic illustration of the hydrothermal growing process of MoS2.[149]

1.4.3

Challenges facing MoS2 anodes

For battery electrode materials, the rate performance is determined by the electron transport and
mass transport.[150,151] Although 1T-MoS2 has metallic properties, it is a metastable polytype and
transforms into more stable 2H polytype with time.[152] The inherent low conductivity of semiconductive 2H-MoS2 presents a big challenge for delivering good rate performance.[153] MoS2 also
tend to restack together due to the high surface energy of MoS2 monolayers and weak van der Waals
attractions between adjacent nanosheets, [154,155] which leads to the decreased surface area decreasing
the lithium storage. The contact area between electrode and electrolyte ions (interface) as well as
the diffusion pathways are also decreased. Consequently, MoS2 anodes cannot provide a stable
capacity during cycling while the rate capability is worsened due to the decreased ionic
conductivity.[156–158]
As an anode in a LIB, lithium ions are inserted into MoS2 layers forming LixMoS2 during the
intercalation process at the discharge stage. Then LixMoS2 is reduced to metal Mo and Li2S, resulting
in a volume expansion of about 103%.[156] The destroyed structure of MoS2 may generate isolating
sites causing loss of active materials and lithium inventory.[159] Resistance may also increase due to
the destroyed close contact between active materials and conductive additives. The structure failure
is revealed to be one of the main reasons for the aging mechanism of MoS2.[159–161] Moreover, most
of the reported high-performance MoS2-based materials are in terms of a power form, which need
the assistance of additives to fabricate electrodes that inevitably bring in dead volumes and
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weight.[162] They do not have good flexibility that are highly desirable for anodes in flexible LIBs.
Therefore, developing high-performance, freestanding and flexible MoS2 based anodes is necessary.

1.4.4

Methods to improve the performance of MoS2 anodes

To address the above drawbacks of MoS2 anodes, the creating of 3D porous nanostructures is a
popular method.[163–166] These structures can improve the performance of neat MoS2 or MoS2-based
composite anodes by providing large surface area, interconnected ion transport pathways and
structural stability.[107,167–170] The endowed high specific surface area (SSA) can store more
electrolyte ions, delivering a high capacity.[171] The interconnected porous nanostructure can
increase the diffusion rate of Li + by shortening the diffusion pathways. A high-speed transportation
system of electrolyte ions is essential for high ionic conductivity to achieve excellent
electrochemical performance.[147,172] Moreover, using structural design may enable fabrication of
MoS2-based composites in a 3D porous structure with abundant defects sites that are highly active
for electrochemical reactions.[173,174] The uniform pores in the material can also suppress the
mechanical stress caused by volume expansion of MoS2. Namely, a robust porous structure can
suppress the structure failure problem caused by the volume changes of MoS2.[164,175]
Incorporating with carbon materials is another effective method to overcome the drawbacks of MoS2,
as carbon can offer high mechanical strength, high conductivity and good processability.[176–178]
Carbon materials with high strength as structural materials can accommodate the volume changes
of MoS2 and prevent capacity degradation from the structural failure.[168,179–182] Conductive carbon
materials dispersed throughout the entire composite can act as a highway network for electrons
transport.[183,184] It has been revealed that the strong coupling between carbon materials and MoS2
can elevate the electron transfer between them.[181] Moreover, the high processability, high strength
and good flexibility of carbon materials can be utilized to construct more robust porous
structures.[156,185,186] Nanostructured MoS2/carbon composites that combine the merits of porous
structure and carbon materials can afford greatly enhanced performance.[187]

Research progress in MoS2 anodes
1.5.1

MoS2 nanosheets/nanoplates

As mentioned above, the exfoliation of bulk MoS2 can produce 2D MoS2 nanosheets for use as
anode materials. Liu’s group investigated the performance of restacked MoS2 nanosheets.[188]
Commercial MoS2 was firstly exfoliated with the assistance of butyllithium and then restacked after
a hydrothermal procedure. Compared to raw MoS2 powders, these restacked MoS2 nanosheets
partially preserved a large surface area (9.83 m2 g-1 compared to 4.89 m2 g-1 for raw powders), which
contributed to a good electrochemical performance of 750 mAh g-1 after 50 cycles at 0.05 A g-1.
MoS2 nanosheets are easy to restack due to the van der Waals interactions between MoS2 nanosheets.
Another kind of MoS2 nanosheets sample was prepared by Lemmon’s group.[120] They applied a
simple co-exfoliation method to insert a small quantity of poly(ethylene oxide) into lithiated MoS2
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layers (PEO:MoS2 = 0.05). The incorporation of PEO effectively prevented the restacking of most
of MoS2 nanosheets and expanded the MoS2 interlayers. Despite the presence of partially restacked
MoS2 sheets, the MoS2 sample with 5 wt% PEO possessed a high capacity of ~900 mAh g-1 after 50
cycles at 0.05 A g-1 (Figure 1.12a).
Hydrothermal reaction is a commonly used method to grow 2D MoS2 nanoflakes/nanoplates. In
early 2009, a hydrothermal method with the introduction of only a few drops of water was reported,
involving the use of (NH4)6Mo7O24·4H2O, CS(NH2)2 and oxalic acid (H2C2O4·2H2O).[171] The
mixture was heated in a sealed autoclave to produce 2D MoS2 nanoflakes. Some tubular structures
were formed with the partly curved MoS2 nanoflakes. This unique structure enabled it to achieve a
high discharge capacity of 1175 mAh g-1 at 40 mA g-1. Hwang et al prepared MoS2 nanoplates with
a thickness of only ~30 nm through a simple and scalable hydrothermal process with Mo(CO)6 and
S as precursors (Figure 1.12b).[189] These MoS2 nanoplates possessed disordered graphene-like
layers with a larger interlayer distance of 0.69 nm compared to that of bulk MoS2 (0.62 nm). Such a
large interlayer distance of MoS2 facilitated the easy intercalation of lithium, while the voids and
defects provided by the disordered graphene-like morphology contributed to a high BET surface
area of 80 m2 g-1. As a result, these MoS2 nanoplates delivered a high capacity of 907 mAh g-1 with
a retention ratio of 98% after 50 cycles at 1C rate (1.062 A g-1) in the half cell. Even in the full cell
with LiCoO2 as cathode over the voltage range between 1 and 4.3 V, a high retention ratio of 89%
(101 mAh g-1) was retained after 60 cycles at 1 C.

Figure 1.12 (a) Morphology of exfoliated MoS2 with 5% PEO (PEO/MoS2=0.05) and its
electrochemical performance including the first charge-discharge curves and cycling stability (50
mA g-1) compared with unexfoliated MoS2 and exfoliated MoS2 with different amounts of PEO.[120]
(b) Morphology and performance of hydrothermally synthesized graphene-like MoS2 nanosheets
(1C rate= 1.062 A g-1).[189]

1.5.2

MoS2 nanowires/nanobelts
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Qiao’s group designed mesoporous wire-like MoS2 with an expanded lattice distance of 0.66 nm by
using hexagonal SiO2 as template via a thermal sulfuration process (Figure 1.13a).[190] Orderly
arrayed MoS2 nanowires were interconnected to form mesoporous particles with a uniform size of
1 μm, offering a high BET surface area of 130 m2 g-1 and large pore volume of 0.24 cm3 g-1. Such
porous structure and the increased interlayer spacing greatly enhanced the transportation of
electrolyte ions, guaranteeing an excellent rate capacity of 608 mAh g-1 at 10 A g-1. Zhang and
coworkers demonstrated high performance MoS2 nanobelts (MoS2 NBs) for LIBs/SIBs anode
(Figure 1.13b).[191] MoO3 nanobelts were used as both precursor and template to fabricate these
MoS2 nanobelts through the reaction with sulfur vapour at 700 oC (MoS2 NS-700). The synthesized
MoS2 nanobelts with a thickness of ~110 nm and a length of tens of micrometers possessed vertically
aligned MoS2 nanosheets. This structure enabled a high proportion of capacity to be contributed
from a surface-controlled pseudocapacitive process, leading to the remarkable rate performance of
~480 mAh g-1 at 20 A g-1. The excellent cycling stability of MoS2 nanobelts (MoS2 NS-700) anode
was also confirmed: having delivered a capacity of ~900 mAh g-1 after the rate test and a following
50 cycles at 1 A g-1.

Figure 1.13 (a) Morphology of mesoporous MoS2 composed by MoS2 nanowires as well as its
performance compared with bulk MoS2;[190] (b) Morphology of MoS2 nanobelts prepared at 700 oC
(MoS2 NBs-700) and its electrochemical performance compared with samples prepared at 300 oC
(MoS2 NBs-300) and hydrothermally synthesized metallic MoS2 nanobelts (M-MoS2 NBs).[191]

1.5.3

Hierarchical MoS2

Hydrothermally grown MoS2 nanoplates can produce hierarchical flower-like MoS2 products
through a self-assembly process.[146,149,192–194] This structure is attractive for providing large surface
area and cross-linked channels for charge storage.[195–197] Zheng’s group studied its formation
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mechanism based on the time-dependent structure and morphology evolution as shown in Figure
1.14a.[149] A three-stage growth mechanism was proposed including an initial nucleation stage of
MoS2, a following nanosheets-growing stage and a final self-assembly stage driven by the reduction
in surface energy. Yang and coworkers investigated the influence of solvents and application of
these flower-like MoS2 spheres as anodes in LIBs (Figure 1.14b).[146] They found that water
facilitated the formation of MoS2 in a sheet-like structure, while ethanol molecules helped to reduce
the size of MoS2 spheres. Compared with the sample prepared in pure distilled water (12.86 m2 g-1),
a much higher surface area of 23.34 m2 g-1 was achieved for flower-like MoS2 spheres which
afforded an excellent rate capability of 544 mAh g-1 at 2 A g-1 and cycling performance of 947 mAh
g-1 after 50 cycles at 0.1 A g-1.

Figure 1.14 Morphology and performance of hierarchical MoS2 anodes: (a) Morphology evolution
of MoS2 products obtained via hydrothermal reaction;[149] (b) Flower-like MoS2 spheres prepared in
mixed ethanol/water and its electrochemical performance compared with the control sample
prepared in pure water;[146] (c) Annealed MoS2 nanoplates and its electrochemical performance
compared with unannealed sample and commercial MoS2.[198]
Ding and coworkers used polystyrene microspheres as templates to guide the formation of
hierarchical MoS2 spheres with a diameter of 700-900 nm.[193] The mesoporous structure formed
with few-layered MoS2 nanosheets guaranteed a high BET surface area (36 m2 g-1), showing a steady
discharge capacity of 873 mAh g-1 at 100 mA g-1. Recently, Zhao and coworkers used MoO3
microplates as a self-sacrificial template to produce flower-like MoS2 microplates (Figure 1.14c).[198]
They revealed a positive effect from the annealing process on the degree of crystallinity of MoS2.
The interlayer spacing in the freshly-made MoS2 microplates was enlarged from 0.62 nm to 0.66 nm
after the annealing treatment. Annealed MoS2 microplates displayed a charge transfer resistance of
48.3 Ω and diffusion coefficient of 8.53 × 10-8 cm2 s-1; much better than the untreated sample (250.3
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Ω, 4.83 × 10-12 cm2 s-1). This annealed MoS2 microplates in hierarchical structure afforded a much
better performance of 717mAh g-1 at 2 A g-1 and 1220.8 mAh g-1 after 130 cycles at 0.1 A g-1,
compared to un-annealed MoS2 microplates (~350 mAh g-1 and 1100 mAh g-1) and commercial
MoS2 (~300 mAh g-1 and 99.5 mAh g-1).

Figure 1.15 (a) Morphology of MoS2 prepared with 0 vol% (MoS2-0) and 15 vol% glycerol (MoS215) and their rate performance compared with MoS2 prepared with 10 vol% (MoS2-10) and 20 vol%
glycerol (MoS2-20);[199] (b) Morphology and performance of freeze-drying processed crumpled
MoS2 (C-MoS2) compared with fresh hydrothermal-synthesized primary MoS2 (P-MoS2).[175]
Additives or treatments were exploited to further adjust the structure and subsequent performance
of MoS2 spheres.[200–202] Polyethylene glycol (PEG), polyvinylpyrrolidone (PVP), glycerol and ionic
liquid could guide the growth of flower-like MoS2.[199–202] For example, Dong’s group changed the
features of MoS2 nanoparticles with the assistance of glycerol (Figure 1.15a).[199] MoS2 particles
produced in pure water solvent were composed of disordered nanoplates of 5-10 nm, which changed
into flower-like nanoparticles formed with nanosheets of 3-5 nm after adding 10% glycerol. When
the volume ratio of glycerol was increased to 15%, uniform MoS2 particles in a range of 500 - 700
nm composed of nanosheets (2 - 4 nm) were formed. It possessed the largest pore number and
highest BET surface area of 40.5 m2 g-1, contributing to an excellent performance with a high
capacity of 928 mAh g-1 at 0.5 A g-1 and a reserved capacity of 738 mAh g-1 after 300 cycles at 0.5
A g-1.
Post treatments such as oxygen plasma and freeze-drying process can also improve the performance
of MoS2 anodes by introducing more defects or exposed planes.[175,203] A simple freeze-drying
process could adjust the primary structure of hydrothermally synthesized MoS2 spheres (P-MoS2)
into a crumpled MoS2 structure (C-MoS2) (Figure 1.15b).[175] Due to the fast evaporation rate and
high surface energy at the edge of P-MoS2, MoS2 nanosheets were crumpled during the freeze-drying
process. The formed crumpled structure not only increased the BET surface area of C-MoS2 to 25.07
m2 g-1 from 7.45 m2 g-1 for P-MoS2, but also brought in excellent elasticity and strength for excellent
structure stability under stress. This work also manifested that MoS2 layers at the curved corner had
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a larger spacing of 0.69 nm than that for flat layers (0.66 nm), which can further enhance the lithium
diffusion. As a result, C-MoS2 delivered a much better performance of 591 mAh g-1 at 2 A g-1 and
1007 mAh g-1 after 50 cycles at 0.1 A g-1, compared to P-MoS2 (465 mAh g-1and 765 mAh g-1).

1.5.4

Hollow MoS2

Figure 1.16 Fabrication process, morphology of two hollow MoS2 anodes and their performance
compared with MoS2 solid microparticles: (a) Glycerol-assisted MoS2 hollow nanospheres (MoS2
HNS);[148] (b) MnCO3-shaped MoS2 hollow microcubes.[204]
A hollow structure is effective in providing space to accommodate volume change of MoS2.[205,206]
Template-guided and self-assembly strategies were combined together to prepare MoS2 in hollow
structures such as hollow spheres, hollow microcubes, nanocages or nanotubes. Typically, MoS2
nanosheets are generated at the surface layer of templates and then connected with each other to
form a hierarchical shell. Early in 2013, hollow MoS2 spheres (300 - 800 nm) were first synthesized
using K2NaMoO3F3 as a self-sacrificing template. The flower-like morphology and hollow structure
elevated the BET surface area to as high as 138 m2 g-1 resulting in a good electrochemical
performance with 780 mAh g-1 at 2 A g-1 and 902 mAh g-1 after 80 cycles at 0.1 A g-1.[207] Later
Lou’s group developed Mo-glycerate (MoG) spheres as precursor and templates to prepare hollow
MoS2 spheres with high uniformity and size-controllability (Figure 1.16a).[148] The size of MoG
spheres could be easily adjusted over the range of 400 - 1000 nm by just changing the volume
fraction of water used in the solvent. Hollow MoS2 spheres delivered a good performance of 576
mAh g-1 at 5 A g-1 and 1100 mAh g-1 after 100 cycles at 0.5 A g-1. Their group also developed cubic
MnCO3-guided hollow MoS2 microboxes with hierarchical and hollow structure (Figure 1.16b).[204]
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As anodes in LIBs, MoS2 microboxes also showed outstanding lithium storage performance of 700
mAh g-1 at 1 A g-1 and 900 mAh g-1 after 50 cycles at 0.1 A g-1.

Figure 1.17 Fabrication process, morphology and performance of two hollow MoS 2 anodes: (a)
Bubble-shaped MoS2 nanocages;[208] and (b) Anodic aluminum oxide (AAO)-shaped MoS2
nanotubes and its rate performance compared with 2H MoS2 nanosheets.[147]
Zuo and coworkers fabricated smooth MoS2 nanocages through a similar method but employing
NH3 bubbles as template (Figure 1.17a).[208] MoSx nanosheets generated from the reduced
(NH4)2MoO4 were firstly grown along the surface of NH3 bubbles. As the reaction proceeded,
restacked MoSx layers formed an enclosed amorphous shell and then transformed into MoS2
nanocages with very smooth surface after the annealing treatment. MoS2 nanocages were able to
deliver a high capacity of 680 mAh g-1 at 1 A g-1 and 1043.7 mAh g-1 after 100 cycles at 0.1 A g-1.
Zhu’s group used anodic aluminum oxide (AAO) to confine the growth of MoS2 nanosheets,
forming MoS2 nanotubes with an internal hierarchical surface (Figure 1.17b).[147] An octahedral
structure was detected in MoS2, which confirmed the forming of highly conductive 1T or 1T’ MoS2.
These MoS2 nanotubes with a large interlayer distance of 0.71-0.81 nm displayed remarkable lithium
storage performance including a high capacity of 1080 mAh g-1 at 0.2 A g-1, excellent rate capability
of 589 mAh g-1 at 20 A g-1 and good cycling stability of ~1150 mAh g-1 after 350 cycles at 5 A g-1.
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To compare the performance of nanostructured MoS2 anodes, their properties and electrode data are
summarized in Table 1.1. As shown, MoS2 nanotubes displayed an unparalleled electrochemical
performance by capitalizing on the resulting large interlayer spacing, hierarchical surface with
interconnected pores and tubular structure. In general, MoS2 anodes with hierarchical and/or hollow
nanostructures displayed much better performance compared to layer-structured MoS2
nanosheets/nanoplates. These results clearly demonstrate the excellent enhancing effects of porous
nanostructures on the storage performance of MoS2 based battery anodes. It also reveals that MoS2
samples with expanded interlayer distance displayed better rate performance, as an expanded
interlayer spacing is effective in improving the diffusion rate of electrolyte ions.

Page | 23

Table 1.1 Performance comparison of representative MoS2 nanostructures as anodes in lithium batteries with lithium foils as counter electrodes over the voltage range of 0.01
– 3 V.

MoS2 anodes

Morphology

Interlayer
distance of
MoS2 (nm)

Commercial MoS2[115]

Particles

N/A

N/A

80 %

N/A

856/0.035,

700/50/0.035

Restacked MoS2[188]

Nanosheets

0.635

N/A

70 %

N/A

800/0.05, (710/0.05)

750/50/0.05

Exfoliated MoS2/PEO[120]

Nanosheets

N/A

N/A

N/A

1- 5

~1150/0.05

~900/50/0.05

Exfoliated MoS2[119]

Nanosheets

N/A

N/A

80 %

N/A

820/0.05, 500/1

750/50/0.05

Grown MoS2 [171]

Nanoflakes

N/A

N/A

70 %

N/A

N/A

852/20/0.06

Grown MoS2 [189]

Nanoflakes

0.69

80

80 %

5–6 (MoS2)

[700/1.062]

907/50/1.062,
[554/20/1.062]

Mesoporous MoS2[190]

Nanowires

0.66

130

70 %

N/A

903/0.1, 795/1,
670/5, 608/10

876/100/0.1

MoO3-shaped MoS2 [191]

Nanobelts

0.61

N/A

80 %

~0.385

980/0.1, 820/1,
570/10, 480/20

~800/100/1,
>400/100/10,

MoO3-shaped MoS2 [198]

Hierarchical
plates

0.66

38.3

75 %

3.65

1315/0.1, 859/1,
717/2

1221/130/0.1

Polystyrene shaped
MoS2 [193]

Hierarchical
spheres

0.62

36

70 %

N/A

873/0.1, 353/1

672/50/0.1,
585/70/0.1

Ethanol-assisted MoS2 [146]

Hierarchical
spheres

N/A

23.34

80 %

N/A

906/0.2, 818/0.5, 707/1,
544/2

947/50/0.1
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BET surface
area (m2 g-1)

MoS2 content
in slurry

Mass loading
of electrode
(mg cm-2)

Rate capability
(mAh g-1/A g-1)

Cycling (mAh g1
/Cycles/A g-1)

Grown MoS2 [209]

Hierarchical
powders

0.62

N/A

60 %

N/A

870/0.1, 804/0.2,
723/0.5, 653/1

880/50/0.1,
676/50/1

Ionic liquid-assisted
MoS2 [202]

Hierarchical
powders

N/A

N/A

75 %

N/A

848/0.1, 740/0.4

439/150/0.1

K2NaMoO3F3 shaped
MoS2[194]

Hierarchical
powders

0.647

15.2

80 %

N/A

707/0.1, 548/1.2,
420/2.4, 252/4.8

693/50/0.039

Glycerol-assisted MoS2[199]

Hierarchical
powders

0.988

40.5

70 %

1.2

1121/0.1, 928/0.5,
784/1, 537/5

1027/100/0.1,
738/300/0.5

Plasma-treated MoS2 [203]

Hierarchical
powders

0.94

1.9731

80 %

N/A

~1050/0.1, ~750/1, 621/5,
473/10

~1150/600/0.5,
>900/1000/1

Crumpled MoS2[175]

Hierarchical
powders

0.67-0.74

25.07

80 %

0.677

1072/0.4, 885/0.8, 591/1

1007/50/0.1,
858/450/0.5

K2NaMoO3F3 shaped MoS2
[207]

Hierarchical
hollow spheres

0.64

138

70 %

N/A

1030/0.1, 850/0.5,
780/1

902/80/0.1

MnCO3-shaped MoS2[204]

Hierarchical
boxes

0.65

21

70 %

1

~950/0.1,
~800/0.5, 700/1

900/50/0.1

Bubble shaped MoS2 [208]

Hollow spheres

0.62

N/A

75 %

N/A

1008/0.1, 796/0.5,
680/1

1043.7/100/0.1

Glycerol-assisted
MoS2 [148]

Hierarchical
hollow spheres

0.66

31.5

70 %

~1

944/0.1, 762/1,
711/2, 576/5

1100/100/0.5

MoO3 shaped MoS2 [210]

Hierarchical
nanotubes

39.9

80 %

0.588 mg/
electrode

974/0.1, 891/0.5,
752/1, 410/2, 186/5

1035/130/0.1

Anodic aluminum oxide
shaped MoS2 [147]

Porous
nanotubes

N/A

100 %

N/A

1080/0.2, 1020/1, 875/5,
589/20

~935/200/5,
~1150/350/5

0.66
0.71-0.81

Note: 1. This capacity in parenthesis was obtained at a charge current density of 1 A g-1 and a discharge current density of 0.05 A g-1;
2. These capacities in square brackets were obtained at a charge current density of 53.1 A g-1 and a discharge current density of 1.062 A g-1.
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Research progress in MoS2/carbon nanocomposites
Carbon-based materials are widely used as energy storage materials at low cost. They are of high
processability, high conductivity, excellent strength and flexibility. [211] Their abundance, good safety
and excellent durability favour the massive production and applications in energy storage devices.
These properties also enable them to be an ideal component in MoS2/carbon composite (MC)
materials for improving lithium storage performance. Furthermore, carbon materials with high
processability can be easily shaped into various structures.[212,213] As a result, a series of carbon
materials with different structures and morphologies have been use to form MC composites for use
in lithium ions batteries, including bulk graphite, 1D carbon nanotubes, 2D graphene and amorphous
carbon.[214–218] Thus, here in this section, powdery MC nanocomposites and substrate-supported MC
composite electrodes are introduced in detail. In addition, freestanding MoS2/graphene composite
films are introduced in Section 1.7.

1.6.1

MoS2/graphite anodes

To simultaneously improve the capacity of graphite and conductivity of MoS2, MoS2/graphite
composites were developed. Zhao and coworkers prepared MoS2/graphite nanocomposite by using
a ball-milling technique, which showed a high capacity of 736 mAh g-1 in the initial cycle at 0.1 A
g-1, a good rate performance of 428 mAh g-1 at 2 A g-1, and excellent cycling stability of 720 mAh
g-1 with a retention rate of 97.8% after 200 cycles at 0.1 A g-1.[219] Such a good performance was
attributed to the high conductivity of graphite, high theoretical capacity and nanocrystallization of
MoS2. The poor cycling stability after 100 cycles at 0.1 A g-1 of raw MoS2 (60 mAh g-1, a retention
ratio of 12.4%) and ball-milled MoS2 (110 mAh g-1, a retention ratio of 11.1%) also confirmed the
effect of graphite on improving the cycling performance of MoS2 during cycling.
Expanded graphite with large layer spacing and surface area showed many advantages over bulk
graphite such as faster Li+ diffusion and accommodation of high amounts of electrolyte ions.
Typically, graphite has a (002) peak around 26o in the X-Ray Diffraction (XRD) spectra, giving an
interlayer distance of ~0.34 nm.[220,221] Expanding the interlayer distance to above 0.37 nm could
enlarge the BET area from 13.52 m2 g-1 to over 30 m2 g-1.[222] Lee’s group reported such
MoS2/expanded graphite composite with high lithium storage performance in 2015.[223] Through a
ball-milling process followed by a microwave irradiation technique using edge-opened graphite and
MoCl5 as precursors, MoS2 layers were inserted into the graphite layers forming a sandwich structure
as shown in Figure 1.18. This structure suppressed the restacking of MoS2 layers. The (002)
diffraction peak of expanded graphite was shifted to 26.4 o, indicating an interlayer of 0.385 nm. As
a result, MoS2-intercalated 3D-nanostructured graphite with 5.43 wt% MoS2 (denoted as EGS-M1)
delivered a high capacity of 310 mAh g-1 at 10 C rate and a stable cycling performance of 810 mAh
g-1 after 100 cycles at 50 mA g-1.
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Figure 1.18 Morphology and performance of a MoS2/graphite composite. (a) Schematic illustration
of the formation of sulfur coated expanded graphite-MoS2 (EGS-M); SEM and TEM images of (b)
EGS-M1 sample with 5.43 wt% MoS2 and (c) EGS-M2 sample with 13.87 wt% MoS2; (d) Rate and
cycling performance of EGS-M1 and EHS-M2.[223]

1.6.2

MoS2/carbon nanotubes (CNTs)

Since their discovery in 1991, CNTs have attracted the attention for use in energy storage.[224] Arc
discharge, laser ablation, and chemical vapour deposition (CVD) are three main techniques to
produce high-quality CNTs. CNTs are recognized as 1D material with large aspect ratio between
length and diameter (>1000).[225] Their length can reach tens or hundreds of micrometers while the
diameters are only in nanometer scale. Single layer or few layers of graphene nanosheets are rolledup forming a tubular structure, respectively named as single-walled carbon nanotubes (SWCNTs)
or multi-walled carbon nanotubes (MWCNTs).[226] With regards to the lithium storage properties
and mechanism of CNTs,

[227]

it is found that lithium atoms and cations tend to diffuse along the

inside wall of CNTs and can achieve a high specific capacity of over 1000 mAh g-1 on introducing
defects.[228–230] The mechanically strong CNTs could even form freestanding paper themselves
directly for use as LIBs electrodes.[231–233] The following is a brief introduction about MoS2/CNTs
composites.
1.6.2.1 Mixed MoS2/CNTs
The simplest way of producing MoS2/CNTs composites is by directly mixing two components or
precursors in solutions. Wang et al. directly mixed the sonicated MoS2 dispersion and SWCNTs
dispersion in N -cyclohexyl-2-pyrrolidone (CHP) followed by filtration. The obtained MoS2/CNTs
film was transferred onto copper foils for use as LIBs anodes.[170] MoS2 platelets were uniformly
distributed in the SWCNT networks forming many small voids. This porous structure showed many
superiorities including high area for more Li+ storage, interconnected channels for rapid Li+
diffusion and robust architecture for addressing structural failure. MoS2-CNTs film with 50% CNT
in a thickness of 1 μm on copper foil substrate had the best performance of 586 mAh g-1 at 3.2 A g1

and 992 mAh g-1 after 100 cycles at 0.1 A g-1 (Figure 1.19a). Liu and coworkers further
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investigated the working principle of SWCNTs on stabilizing this interlaced structure, and found
that neat MoS2 only displayed a conductivity of ∼10-6 S m-1 and a strength of 0.24 ± 0.06 MPa while
MoS2/SWCNTs with 6 wt% nanotubes had a greatly enhanced conductivity of ∼5×102 S m-1 and a
strength of 3.5 ± 0.4 MPa. These results strongly proves that SWCNTs acted as bridges in the
composition to facilitate the electron transfer and improve the structural strength.[234] Another kind
of MoS2/CNTs composite with a 3D interlaced structure and interconnected pores was produced by
a hydrothermal process using the precursors of CNTs, Na2MoO4 and thiourea (Figure 1.19b).[235]
The disordered CNTs hindered the growth of MoS2 from stacking. Thin monolayer or bilayer MoS2
nanosheets with a crumpled morphology ensured a high BET surface of 53 m2 g-1 and large pore
volume of 0.224 cm3 g-1. The CNTs also connected the MoS2 sheets which enhanced the
conductivity to afford a state-of-art performance of 500 mAh g-1 at 100 A g-1 and 1305 mAh g-1 after
100 cycles at 8 A g-1.

Figure 1.19 Fabrication process, morphology and performance of two MoS 2/CNT composites: (a)
Copper foil-supported MoS2-CNTs films with different CNT content and thickness;[170] (b) 3D
interconnected MoS2/CNTs nanohybrid (CNTs are labelled as red arrows in SEM and TEM
images).[235]
1.6.2.2 Core-shell MoS2/CNTs
Core-shell structure is another common structure in MoS2/CNTs composites, which exists in two
different types according to the horizontal direction of MoS2 layers. MoS2 layers flatly anchored on
Page | 28

carbon nanotubes with a smooth surface is the first type. This type of coaxial MoS2/CNTs
composites was demonstrated in 2006 by using CNTs as the growth template via hydrothermal
reaction, where MoS2 layers grew along the axial direction of CNT forming a concentric cylindrical
structure.[236,237] Then Wang and co-workers applied this type of core-shell MoS2/CNT composites
for lithium storage application in 2007 (Figure 1.20a).[238] The good connection between MoS2 and
CNTs warranted a high electron transfer rate across the composite. It also confirmed that this hollow
structure had strong backbone and enough space to buffer the mechanical stress for mitigating the
capacity degradation. This core-shell MoS2-CNT sample delivered a high capacity of 400 mAh g-1
after 50 cycles at 0.6 mA cm-2 with an average capacity loss of less than 0.8 mAh g-1 per cycle.

Figure 1.20 Morphology and performance of core-shell MoS2/CNT nanocomposites: (a) MoS2
overlayers anchored on carbon nanotubes (MoS2-CNT) and its cycling performance compared with
bare carbon nanotubes;[238] (b) Glucose-assisted CNT/MoS2 nanocomposite (II) compared with the
control samples of MoS2 nanosheets (I)

and CNT/MoS2 NSs without glucose (III);[239] (c)

Hierarchical CNT/MoS2 tubular nanohybrids.[240]
Another kind of core-shell MoS2/CNTs composite has a hierarchical morphology formed with
interconnected MoS2 nanosheets.[241] A glucose-assisted hydrothermal method was developed by
Lou’s group to confine the growth of MoS2 nanosheets along the surface of CNTs (Figure 1.20b).[239]
MoS2 nanosheets with a thickness of 5-10 nm further constituted a hierarchical external surface,
which elevated the BET surface of CNT/MoS2 composite to as high as 30 m2 g-1. In contrast, the
sample without glucose only formed separated MoS2 flakes intertwined with disordered CNTs while
neat MoS2 without CNT and glucose had micrometer-sized platelet-like structures. The glucosePage | 29

assisted CNT/MoS2 sample delivered the highest capacity of 698 mAh g-1, compared to that 521
mAh g-1 for CNT/MoS2 without glucose and 300 mAh g-1 for neat MoS2 after 60 cycles at 0.1 A g1

. Later in 2016, they developed hierarchical MoS2 nanotubes with controllable CNTs number in the

hollow structure (Figure 1.20c).[240] The hierarchical porous surface composed of thin MoS2
nanosheets (2 to 5 layers) greatly boosted the BET surface area (~200 m2 g-1) and ion diffusion rate
of CNT/MoS2 tubular composite. The interior CNTs helped to lower the charge resistance as well
as stabilize the structural integrity during the cycling. All these favourable structures contributed to
an incomparable performance as anodes in LIBs: achieving an excellent rate capability of 670 mAh
g-1 at 10 A g-1 and a remarkable cycling stability of 800 mAh g-1 after 1000 cycles at 5 A g-1.

1.6.3

MoS2/amorphous carbon

Amorphous carbon is a kind of carbon material that is widely used as an additive in energy storage
materials to increase the conductivity and activity. The degree of graphitization in amorphous carbon
is very low, which is mainly free and reactive carbon with no periodic structure. They are mostly
derived from organics or biomass through a carbonization process that is carried out under high
temperature in an atmosphere of nitrogen or argon to remove most of the hydrogen and oxygen
atoms by pyrolysis. For organics or biomass precursors with nitrogen and sulfur atoms, these
heteroatoms can be retained in the final product to enhance their activity by the electron modulation
ascribed to the different size and electronegativity from heteroatoms compared to carbon atom.[242,243]
MoS2/amorphous carbon (MC) can be classified into four types according to their morphology: MC
nanosheets, MC nanofibers, hierarchical MC and hollow MC.
1.6.3.1 MoS2/amorphous carbon sheets
Introducing carbon precursor onto the surface of exfoliated MoS2 nanosheets is one method to obtain
MoS2/amorphous carbon composites. Amorphous carbon in-between MoS2 layers can effectively
suppress the restacking problem of MoS2 as well as facilitate the transportation of electrons. In 2015,
Choi’s group used dopamine to process lithium-intercalated MoS2 (LixMoS2) and obtained MoS2/C
composite after a heating treatment under nitrogen gas.[244] Dopamine was converted into a thin layer
of nitrogen doped carbon shell (3 nm) and covered the surface of MoS2 sheets, which effectively
suppressed the restacking of MoS2 as well as increased the conductivity. The BET surface area was
also increased from 198.5 m2 g-1 for exfoliated MoS2 to 276.8 m2 g-1 for MoS2@C. Therefore,
MoS2@C composite delivered a much better performance of 597 mAh g-1 at 1 A g-1, 1147 mAh g-1
after 50 cycles at 0.1 A g-1 and ~850 mAh g-1 after 200 cycles at 2 A g-1 (Figure 1.21a). Another
method of producing MoS2/amorphous carbon sheets is by inserting carbon precursor into the
interlayers of bulk MoS2 precursor. Du et al. inserted dodecylamine (DDA) into MoO3 layers by
heating their mixture in anhydrous ethanol at 70 oC for 24 h. Then they were converted into MoS2/C
composites with alternative MoS2 layer and carbon layer in sequence (Figure 1.21b).[245] The
temperature applied impacted on the carbonization and sulfuration processes, and the optimal
temperature was 800 degrees Celsius which provided high graphitization degree for high
conductivity while suppressing the agglomeration problem that emerged at even higher temperatures.
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The MoS2/C-800 sample displayed an excellent rate performance with a capacity of 880 mAh g -1 at
4.2 A g-1 and 450 mAh g-1 at 6.9 A g-1, surpassing the performance of neat MoS2 sample and other
MoS2/C samples.

Figure 1.21 Fabrication process, morphology and performance of two layered MC nanocomposites:
(a) Carbon coated exfoliated MoS2 (MoS2@C) and its performance compared with exfoliated MoS2
(e-MoS2) and bulk MoS2;[244] (b) MoO3/dodecylamine-derived MoS2/C-800 nanocomposite and its
performance compared with other MoS2/C nanocomposites carbonized at different temperatures.[245]
1.6.3.2 MoS2/amorphous carbon nanofibers
MoS2/C hybrid fibers in an interlaced porous structure were produced from a mixture of
polyvinylpyrrolidone (PVP) and (NH4) 2MoS4 via an electrospinning technique coupled with an
annealing treatment.[246] Single-layered MoS2 nanoplates with a thickness of 0.4 nm were uniformly
embedded in amorphous carbon fibers with a diameter of ~50 nm (Figure 1.22a). The 1D carbon
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matrix acted as not only a good conductor for electrons but also a mechanical stress absorber for
solving the expansion problem. All these merits contributed to a competitive performance in lithium
ion batteries affording 637 mAh g-1 at 10 A g-1 and 374 mAh g-1 at 50 A g-1. Another strategy of
constructing MoS2/C nanofibers was the growing of hierarchical MoS2 nanosheets on carbon fibers
forming a core-shell structure.[144,247] For example, Yu’s group used Te nanowires as templates to
prepare carbon nanofibers (CNFs) using D-glucose as carbon source.[144] Then hierarchical MoS2
sheets were decorated on the surface of CNFs, creating a highly porous 3D structure offering a high
BET specific area of 176 m2 g-1 (Figure 1.22b). The CNFs were robust enough to keep the composite
in its original structure during the electrochemical test, resulting in excellent performance of 864
mAh g-1 at 5 A g-1 and 688 mAh g-1 after 300 cycles at 1 A g-1.

Figure 1.22 Schematic illustration of the fabrication process and structure, morphology and
performance of two MC nanofibers: (a) Electrospun MoS2/C fibers;[246] (b) Te-wire shaped
CNFs/MoS2 nanofibers.[144]
1.6.3.3 Hierarchical MoS2/amorphous carbon spheres
The preparation of hierarchical MoS2/C spheres can be classified into three routes according to the
preparation sequence: (i) coating amorphous carbon onto the surface of MoS2, (ii) coating MoS2
onto the surface of amorphous carbon and (iii) co-growing of MoS2 and amorphous carbon. The first
method needs the preparation of MoS2 spheres in advance. For example, Liu et al. prepared
hierarchical MoS2 spheres through a hydrothermal process and then coated a carbon layer of ~12
nm onto the surface of MoS2 nanospheres with the assistance of F127 (a triblock copolymer,
PEO100-PPO65-PEO100) and glucose (Figure 1.23a).[248] The obtained MoS2/amorphous carbon
in a hierarchical rose-like morphology provided a surface area of 9.55 m2 g-1. The carbon shell
increased the conductivity from 6.6 × 10-3 S cm-1 for MoS2 to 2.38 × 10-2 S cm-1 for MoS2/C
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composite, and improved the rate capability from 228.4 mAh g-1 at 0.5 A g-1 for MoS2 to 461.6 mAh
g-1 for MoS2/C composite. The second method requires amorphous carbon substrates to be prepared
first. Lou’s group employed glucose-derived carbon spheres as substrate to load hierarchical MoS2
shells through a facile hydrothermal method (Figure 1.23b).[249] Hierarchical C@MoS2
microspheres composite had a high surface area of 20 m2 g-1, delivering a remarkable rate
performance of ~ 500 mAh g-1 at 1 A g-1 and good cycling stability of 750 mAh g-1 after 50 cycles
at 0.1 A g-1. This hydrothermal method was modified by using nitrogen-doped carbon (NC)
nanosheets as substrates to grow hierarchical MoS2, producing MoS2-NC hybrid nanosheets with a
much high surface area of 373 m2 g-1.[250]

Figure 1.23 Morphology of four hierarchical MC composites and their performance compared with
neat MoS2: (a) Carbon coated hierarchical MoS2 spheres (MoS2/C)
grown on carbon spheres (C@MoS2)

[249]

[248]

, (b) Hierarchical MoS2

, (c) Co-grown MoS2/C flower-like microspheres;[251] and

(d) Co-grown MoS2/continuous porous carbon microspheres (MoS2/C-CPM).[252]
The last route involved the direct mixing of the precursors together to co-synthesize hybrid
MoS2/carbon spheres.[251,253,254] With the use of glucose and P123, Xiong and coworkers developed
MoS2/C flower-like microspheres (Figure 1.23c).[251] A uniform carbon layer was produced on the
surface of every flake of the hierarchical MoS2 spheres, which possessed a high porosity offering a
high surface area of 145 m2 g-1. The prepared MoS2@C flower-like microspheres delivered a
capacity of 574.1 mAh g-1 at 4 A g-1 and 916.6 mAh g-1 after 400 cycles at 0.2 A g-1. In addition,
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porous MoS2/C spheres could be prepared by using the CS2-PVP-Na2MoO4 solution, which
assembled into defect-rich, interlayer-expanded and few-layered MoS2/C nanosheets (Figure
1.23d).[252] These MoS2/C nanosheets consisted of hierarchically continuous porous micro-spheres
(MoS2/C-CPM), and formed many interconnective pores when using CS2 as soft template. This
novel structure with small pores of ~33 nm offered a high surface area of 36.5 m2 g-1, which well
suppressed the restacking and expansion problems of MoS2 as well as improved the ionic diffusion
kinetics. Thus, MoS2/C-CPM delivered a much higher capacity of 344 mAh g-1 at 2 A g-1 than that
33 mAh g-1 at 2 A g-1 for neat MoS2.
1.6.3.4 Hollow MoS2/amorphous carbon

Figure 1.24 (a) Morphology of self-assembled hollow MoS2 microspheres/amorphous carbon
composites (MoS2 MACCs, labelled as “b“ and its performance compared with hollow MoS 2
microspheres labelled as “a“ and amorphous carbon labelled as “c”;[255] (b) Morphology of
MoS2@carbon nanotubes and its rate performance compared with MoS 2 microflowers (1C = 1 A g1 [256]

);

(c) Fabrication process, morphology and performance of CTAB-assisted monolayer

carbon/MoS2 hollow spheres (arrows in TEM image show the cracks on the shell that were caused
by the escaped gas species generated in the pyrolysis process). [257]
This hollow structure is a special porous structure with many impressive advantages when
addressing the volume change problems of MoS2. According to the formation mechanism, the
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preparation methods of hollow MC composites can be classified into two kinds: (i) self-assembly
method and (ii) templates-shaped method. Early in 2014, hollow MoS2 microspheres/amorphous
carbon composites (MoS2 MACCs) with a diameter of about 500 nm were synthesized with the
assistance of D-glucose through a self-assembly strategy.[255] The spherical hollow structure and
rough hierarchical surface contributed to a high BET surface area of 16.3 m2 g-1, resulting in a good
performance of 876 mAh g-1 at 1 A g-1 and 1147 mAh g-1 after 100 cycles at 0.1 A g-1 (Figure 1.24a).
Most hollow MC composites were prepared with the assistance of templates, which can be divided
into self-sacrifice templates and etching templates. Self-sacrifice templates acted as both templates
and precursors.[258] In 2016, MoS2@C nanotubes with a hierarchical morphology were developed
by using Mo3O10(C2H10N2) nanowires as self-sacrifice templates (Figure 1.24b).[256] This inorganicorganic hybrid compound was prepared by heating a solution mixture of (NH4)6Mo7O24 and
ethylenediamine (EDA) at 50 oC for 2h in the presence of hydrochloric acid. Besides the tubular
carbon core, the glucose was used to generate a homogenous amorphous carbon shell, which further
increased the conductivity and rate performance of MoS2@C nanotubes in LIBs with a capacity of
850 mAh g-1 at 5 A g-1. In 2018, cetyltrimethylammonium bromide (CTAB) was employed to form
soft micellar vesicles as self-sacrifice templates for guiding the growth of MoS2 as well as being the
source for nitrogen-doped monolayer carbon (m-C) (Figure 1.24c).[257] Carbon was inserted into the
MoS2 layers forming a layer-by-layer structure, which expanded the interlayer distance to as high as
0.95 nm. Despite that m-C/MoS2 spheres had a very smooth surface, however their small diameter
(40-60 nm) and hollow structure increased the BET surface area to 55 m2 g-1 with a pore volume of
0.31 cm3 g-1. This material delivered a high capacity of 1035 mAh g-1 at 2 A g-1 and ~900 mAh g-1
after 220 cycles at 1 Ag-1.
Etching templates were also employed to produce high-performance MC anodes. For example,
Lou’s group used Fe2O3 nanocubes as templates to produce C@MoS2 nanoboxes (Figure 1.25a).[259]
Hierarchical MoS2 sheets were uniformly grown on nitrogen-doped carbon skeletons that were
derived from polydopamine (PDA), giving a surface area of 123.7 m2 g-1 and a good performance
of 403 mAh g-1 at 8 A g-1 and 952 mAh g-1 after 200 cycles at 0.4 A g-1. Another widely used etching
template is silica (SiO2) spheres, which can be processed into hollow C@MoS2 microspheres via
the processes of polymerization of polydopamine (PDA), growth of MoS2, annealing of PDA and
etching of SiO2 templates.[260] The product displayed a core-shell structure with hierarchical MoS2
shells grown on hollow carbon spheres. This synthesis procedure was modified by Chen’s group to
prepare yolk-shell structured MoS2@carbon spheres. SiO2 spheres were etched after the formation
of carbon shells by annealing the resorcinol formaldehyde (RF) oligomers. [261] The obtained hollow
mesoporous carbon spheres were then used as substrates for the growth of MoS2 in a hydrothermal
process. MoS2 nanosheets were confined in hollow mesoporous carbon spheres forming a petal-like
structure (Figure 1.25b). The yolk-shell MoS2@C had a much higher surface area of 199.2 m2 g-1
and enabled a much faster electron transport through its easily-accessible mesoporous carbon shell,
which contributed to a good performance of 595 mAh g-1 at 10 A g-1 and 993 mAh g-1 after 100
cycles at 0.1 A g-1.
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Figure 1.25 Fabrication process, morphology and performance of two hollow MC composites
guided by etching templates: (a) Fe2O3-shaped C@MoS2 nanoboxes;[259] (b) SiO2-shaped yolk-shell
MoS2@C spheres and its performance compared with core-shell C@MoS2 and pure MoS2.[261]
Biomass can be used to produce porous amorphous carbon supports for growing MoS2. They not
only act as an environmentally-friendly and low-cost carbon precursor, but also afford unique natural
porous structures. The resultant MoS2/carbon composites showed competitive performance
comparable with or even higher than the previously mentioned carbon/MoS2 composites. For
example, plant materials with tubular structures such as willow catkins[262], palm silk[263] and
cotton[264] had been processed into hollow tubular carbon supports to load hierarchical MoS2 sheets
shells. Those naturally occurring tubular shaped porous structures were well maintained in the final
MoS2/carbon products benefitting the lithium storage performance by providing large surface area
and short diffusion pathway. For example, Xia et al. used cotton to produce carbon microtubes (CMT)
for use as supports to grow hierarchical oxygen-doped interlayer-expanded MoS2 shells (OexMS@CMT, Figure 1.26a).[262] The oxygen atoms could even expand the interlayer spacing of
MoS2 to 0.98 nm in O-exMS@CMT composite, while the hierarchical and hollow structure offered
a high surface area of 12.97 m2 g-1. All these merits contributed to a remarkable rate capability of
490 mAh g-1 at 1 A g-1 and cycling performance of 752 mAh g-1 after 100 cycles at 0.1 A g-1.
Microalgae cells were turned into nitrogen-doped carbon-MoS2 spheres (AC-MoS2) via
hydrothermal reaction coupled with an annealing process (Figure 1.26b).[265] Compared with
glucose derived carbon-MoS2 composite (GC-MoS2), this AC-MoS2 composite with naturally
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formed hollow structure and reserved nitrogen atoms provided an enhanced surface area from
198.55 m2 g-1 to 207.46 m2 g-1 and decreased charge transfer resistance (Rct) value in the 1st cycle
from 186.8 Ω to 110.8 Ω. As a result, AC-MoS2 delivered a higher capacity of ~850 mAh g-1 at 2 A
g-1 and 300 mAh g-1 after 880 cycles at 5 A g-1, compared to that 550 mAh g-1 and 100 mAh g-1 for
GC-MoS2.

Figure 1.26 Fabrication process, morphology and performance of two biomass-derived hollow MC
composites: (a) Oxygen-doped interlayer-expanded MoS2@ cotton-derived carbon microtubes (OexMS@CMT) and its cycling stability compared with bare CMT and MS-C that were prepared
without cotton;[262] (b) Microalgae-derived carbon-MoS2 hollow spheres (AC-MoS2) and its
performance compared with microalgae-derived carbon (AC) and glucose-derived carbon-MoS2
spheres (GC-MoS2).[265]
To

give

some

insights

into

MoS2/amorphous

carbon

(MC)

nanocomposites,

the

structure/physicochemical properties (e.g. interlayer distance of MoS2 and BET surface area),
electrode details (e.g. ratio of active materials in the slurry, and mass loading of electrodes) and the
electrochemical performance from representative samples are summarized in Table 1.2. As can be
seen, the optimal weight ratio of MoS2 in the high-performance MoS2/amorphous carbon composites
was in the range of 80-90%. The density of amorphous carbon is 1.8 - 2.1 g cm-3, much lower than
that 5.06 g cm-3 for MoS2, thus less amorphous carbon was used to cover and connect with more
MoS2.[266,267] On the other hand, high content of MoS2 is the prerequisite for achieving high capacity,
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as it is the main active material responsible for the capacity. This table also reveals the positive effect
of expanded interlayer spacing on the rate performance of MC composites, and the enhancing effect
of porous structures on the overall electrochemical performance.
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Table 1.2 Properties of some representative MoS2/amorphous carbon (MC) nanocomposites electrodes in coin cells with lithium foils as counter electrodes between 0.01 - 3V.

MC composites
(weight ratio of MoS2)

Morphology

Interlayer
distance of
MoS2 (nm)

BET surface
area (m2 g-1)

MC content
in slurry

Mass loading
of electrode
mg cm-2)

Rate capability
(mAh g-1/A g-1)

Cycling (mAh g1
/Cycles/A g-1)

NC/exfoliated MoS2
(91%)[244]

Nanosheets

0.62

276.8

80 %

N/A

~1180/0.1, ~1000/1,
~800/5, 597/10

~850/200/2

Intercalated MC[245]

Layer-by-layer

0.63

N/A

80 %

0.8

1390/0.17, 1125/1.7,
880/4.2, 450/6.9

1368/80/0.15C

Electrospun MC
(62%)[246]

Nanofibers

N/A

N/A

70 %

N/A

~1300/0.1, 986/1, 637/10,
374/50

1007/100/1,
661/1000/10

Grown MoS2/
CNFs (72%)[144]

Nanofibers

176

80 %

2

~1300/0.1, ~1000/1,
~900/2, 864/5

1264/50/0.1,
688/300/1

MoOx/aniline-derived
MoS2/NC (83%)[268]

Nanorods

17.8

80 %

0.669

~1100/0.1, 1070/0.5,
933/1, 863/5, 667/10

890/100/1

MoS2 coated NC[250]

Hierarchical
sheets

0.98

373

80 %

1.4

1155/0.2, 865/1, 788/2,
574/5

995/300/0.2,
815/500/1

Carbon coated MoS2
(91.5%)[248]

Hierarchical
spheres

N/A

9.55

80 %

2-3

793.8/0.1, 690.8/0.2,
461.6/0.5

631.9/100/0.1

MoS2 coated carbon
(83%)[249]

Hierarchical
spheres

0.65

20

70 %

1

800/0.1, ~700/0.2,
~600/0.5, 500/1

750/50/0.1

NC coated MoS2 (82%)[269]

Hierarchical
spheres

N/A

N/A

70 %

N/A

800/0.1, 650/0.2, 420/0.5,
270/1

715/50/0.1

0.684
0.64
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Carbon coated MoS2
(90%)[253]

Hierarchical
spheres

0.64

41.3

80 %

N/A

975/0.1, ~920/0.2,
~650/0.6, 511/1

888.1/50/0.1

Co-grown MC (94%)[251]

Hierarchical
spheres

0.62

N/A

70 %

1.2

~880/0.2, ~780/0.5,
~680/1, 574.1/4

916.6/400/0.2

Polystyrene-derived MC
(83.6%)[270]

Hierarchical
spheres

0.63

71

80 %

1.5

690/0.1, 670/1, ~650/2,
560/5

652/100/0.1

Co-grown MoS2 /NC
(83.3%)[271]

Hierarchical
spheres

0.65

42

80 %

N/A

1010/0.15, 802/0.6,
645/1.5, 550/3

1050/300/0.15

Co-grown MC (87.6%)[252]

Porous spheres

0.654

36.5

70 %

1.2

832/0.1, 540/0.5, 436/1,
344/2

831/220/0.2

MOF-derived NC/MoS2
(79%)[272]

Hierarchical
polyhedrons

N/A

1251

80 %

1

1070/0.1, 1039/1, 1004/5,
915/10

~1400/100/0.1

Co-synthesized MC
(57.65%)[255]

Hierarchical
hollow spheres

0.64

162.3

80 %

N/A

1214/0.1, 1120/0.2,
951/0.5, 876/1

1147/100/0.1

MoS2 coated MC
(89.5%)[273]

Hierarchical
hollow spheres

0.662

37.15

80 %

2

943/0.25, 819/0.5, 735/1,
648/2, 561/4

977/100/0.5

Silica-shaped MC
(84.2%)[260]

Hierarchical
hollow spheres

0.65

29.5

80 %

1

1138/0.1, 979/0.2, 752/0.5,
553/1, 349/2

750/100/0.2

MoOx/aniline-derived MC
(82%)[256]

Hierarchical
nanotubes

0.63

19.959

70 %

1.2

~1250/0.1, 1074/0.5,
993/1, 929/2, 850/5

1058.4/300/0.5

MoS2 coated NC(79%)[257]

Hollow
spheres

0.95

55

80 %

N/A

~1100/0.1, ~1050/1,
1035/2

1025/80/1,
~900/220/1

MoS2 coated MC (82%)[259]

Hierarchical
boxes

0.66

123.7

70 %

1

1280/0.1, 974/0.4, 824/1,
531/4, 403/8

1233/50/0.1,
952/200/0.4
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Carbon-encapsulated MoS2
(77.8%)[261]

Yolk-shell
spheres

0.65

199.2

80 %

N/A

1280/0.1, 1105/1, 981/2,
795/5, 595/10

962/1000/1,
624/400/5

MoS2/PANI derived NC
(85%)[274]

Hierarchical
nanobelts

0.65

163.6

70%

N/A

945/0.1, 790/0.2, 619/0.5,
508/1, 416/2

901/100/0.1

SiO2-templated MC
nanocomposites[275]

Bowl-like
structure

0.63

141.9

80 %

2

922/0.1, ~800/0.5, ~600/1,
256/10

526/1000/1
798/100/0.1

Polystyrene-templated MC
(65%)[276]

Porous spheres

N/A

154

70 %

1.2

904/1, 728/5, 660/9

896/250/1.5

Auricularia-derived MC
(54%)[277]

Hierarchical
structure

N/A

N/A

70 %

N/A

710/0.2, 577/0.4
353.5/1.6, 252/6.4

400/500/1.6

Bamboo charcoal-derived
MC (44%)[278]

Hierarchical
structure

0.61

N/A

70 %

N/A

~900/0.1, ~700/0.4,
~650/0.8, 581/1.6

672/200/0.2

Willow catkin-derived
MoS2/NC (84.8%)[262]

Hierarchical
nanotubes

0.64

N/A

70 %

N/A

834/0.1, 722/0.2, 586/0.5,
490/1

752/100/0.1,
568/100/0.5

Palm silk-derived MC
(78.7%)[263]

Hierarchical
nanotubes

0.62

92

80 %

N/A

651/0.1, ~470/0.5, ~420/1,
347/3

750/400/0.5

Cotton-derived MC
(83.4%)[264]

Hierarchical
nanotubes

0.65-0.98

12.97

70 %

0.84

811/0.1, 627/0.5, 577/1,
490/2

970/100/0.1

Microalgae-derived MC
(49.3%)[265]

Hierarchical
hollow spheres

0.65

207.46

70 %

N/A

1390/0.1, ~1050/0.5,
~850/2, 670/10

300/1000/5

MoS2/cornstalks based
carbon (%)[176]

Hierarchical
sheets

0.95

326

80 %

N/A

1021/0.1, 836/0.2, 700/0.5,
516/1, 420/2

1129/100/0.1
339/100/1

Note: nitrogen-doped carbon was denoted as NC.
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1.6.4

MoS2/graphene

Graphene is a typical 2D carbon material formed by a layer of carbon atoms in an honeycomb lattice
structure.[110,279] In 2004, Geim and Novoselo first produced single-layer graphene sheets by
exfoliation of graphite using a Scotch-tape method.[90,280,281] Different top-down exfoliation methods
have been applied to produce graphene or graphene oxide. Among them, Hummer’s method was the
most used one for preparing solution-processable graphene oxide (GO).[282–286] It is an easy, scalable
and tunable method to produce GO nanosheets with numerous active sites.[287–289] Recently, various
modified Hummer’s methods have been developed to increase the yield and quality of GO.[288] The
preparation of GO and chemically converted graphene (CCG) is illustrated in Figure 1.27. Graphite
is first oxidized to graphite oxide by potassium permanganate (KMnO 4) then the produced graphite
oxide can be easily exfoliated into GO nanosheets with the assistance of sulfuric acid (H2SO4). Rich
oxygen-containing functional groups on the surface of GO nanosheets ensure the stability of GO
nanosheets in water. GO dispersions with high processability are used to produce chemically
converted graphene (CCG) through a reduction process using reducing agents such as HI, H 3PO4,
N2H2, etc. The numerous active sites of GO enables strong bonding with MoS2, which can facilitate
the preparation of MoS2/rGO composites.

Figure 1.27 Schematic illustrating the preparation of graphene oxide from graphite and chemically
converted graphene (CCG) by reduction of graphene oxide. [288]
Graphene possesses many superior properties for application as LIBs electrodes. The 2D structure
endows graphene with a large specific surface area (SSA, 2630 m2 g-1) to store electrolyte ions, a
high theoretical capacity of 774 mAh g-1 is predicted for single-layer graphene.[110,290] The high
conductivity of graphene can offer a fast electron transportation for a good rate performance, while
its good mechanical properties including high strength and excellent flexibility are important for the
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realization of structural design.[185,279,291] All these properties enable graphene to be a good
supporting and conductive material in MoS2/graphene composites.[162,292–296] To date, various highperformance MoS2/graphene composites with different structures have been developed.
1.6.4.1 Stacked MoS2/graphene nanosheets

Figure 1.28 (a) Morphology and rate capability of MoS2/GnP and MoS2/CCG composites and their
cycling performance compared with exfoliated MoS2;[297] (b) Fabrication and morphology of
MoS2/rGO hybrids as well as its performance compared with bulk MoS2 and exfoliated MoS2.[155]
2D MoS2 and graphene nanosheets can be easily stacked together forming MoS2/graphene
composites in a layer-by-layer structure by partially overlapping or coalescing.[155,298,299] Lemmon’s
group introduced graphene into MoS2 with 5% PEO in 2011, producing PEO/MoS2/graphene
composite with improved lithium storage performance compared to neat MoS2.[298] In 2013, Chung’s
group[297] prepared two different kinds of MoS2/graphene composites by ultrasonic mixing of
exfoliated MoS2 with graphene nanoplates (GnPs) or chemically converted graphene (CCG).
Compared with GnPs, CCG could be exfoliated into much larger and thinner graphene sheets with
more active sites providing strong coupling with MoS2 sheets to form a robust structure (Figure
1.28a). As a result, the MoS2/CCG sample delivered a good performance of 342 mAh g-1 at 2 A g-1
and 710 mAh g-1 after 50 cycles at 0.1 A g-1, in contrast to that ~100 mAh g-1 and 225 mAh g-1 for
MoS2/GnP sample. Later in 2014, the mixture of reduced GO (rGO) and bulk MoS2 was applied as
precursor to make MoS2/rGO hybrids (Figure 1.28b).[155] With the assistance of n-butyllithium, a
mixture of MoS2/rGO was converted into lithiated MoS2/rGO (LixMoS2/rGO) mixture, which was
then co-exfoliated through a sonication process in water to produce MoS2/rGO hybrids. The rGO
nanosheets were effective in separating MoS2 sheets and suppressing the restacking problem by
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forming a layer-by-layer structure. Compared with bulk MoS2 and exfoliated MoS2, MoS2/rGO
nanosheets afforded a much better performance of ~1000 mAh g-1 at 0.1 A g-1, ~160 mAh g-1 at 2 A
g-1 and 940 mAh g-1 after 75 cycles at 0.1 A g-1.

Figure 1.29 Fabrication process, morphology and performance of three stacked MG composites. (a)
liquid-exfoliated MoS2/graphene (MoS2/G) composites with different size of nanosheets and
different ratios between MoS2 and graphene;[154] (b) ball-milled MoS2/rGO nanocomposites as well
as its performance compared with ball-milled neat MoS2 (blue arrows in SEM image show the curled
edges of MoS2 and rGO);[300] (c) NDG/MoS2/NDG composite as well as its performance compared
with NDG/MoS2 that was prepared with excess MoS2 and neat MoS2 nanoparticles.[301]
Page | 44

Ma et al. applied a post annealing process to treat the directly mixed composite obtained from
exfoliated MoS2 and graphene (MoS2/G), and investigated the size and content of MoS2 flakes on
the composite’s electrochemical performance.[154] It was found that smaller MoS2 nanosheets were
more favourable for a stable cycling performance than larger MoS2 nanosheets. This MoS2/G
composite could still deliver a good lithium storage performance even at a high ratio of 6:1 between
MoS2 and graphene (Figure 1.29a). Another kind of layered MoS2/graphene composite reported in
2019 was prepared by a ball-milling approach (Figure 1.29b).[300] During the gradual exfoliation
process of bulk MoS2 and GO, the interaction between S from MoS2 and O from GO as well as the
energy from ball milling simultaneously reduced GO to highly conductive rGO. Moreover, the ballmilling process could reduce the sheets’ size and enhance defects/active sites for achieving a
significantly improved performance: 1228 mAh g-1 at 0.1 A g-1, 532 mAh g-1 at 1 A g-1 and 834 mAh
g-1 after 100 cycles at 0.2 A g-1; much higher than the 908, 482 and 39 mAh g-1 for bare MoS2.
Hydrothermal method was used to produce layer-by-layer MG composite as well (Figure 1.29c).[301]
Using GO, (NH4)6Mo7O24·4H2O and CH4N2S as precursors, MoS2 nanosheets were sandwiched
between large graphene sheets, while nitrogen atoms were doped into graphene creating a large
amount of active/defect sites. Even at a high areal mass loading of 8.73 mg cm-2, this nitrogen-doped
graphene/MoS2 composite (NDG/MoS2/NDG) could deliver a high capacity of 409 mAh g-1 after
85 cycles at 0.1 A g-1.
1.6.4.2 Hierarchical MoS2/graphene
Stacked MoS2/graphene composites usually have a compact structure that cannot effectively prevent
the restacking and volume change problems of MoS2. Graphene sheets could be easily crumpled and
connected forming a hierarchical structure under hydrothermal or annealing treatments. Exfoliated
MoS2 sheets can easily integrate with this kind of graphene nanosheets.[291,302,303] Liu’s group used
rGO and exfoliated MoS2 prepared from MoS2 and butyllithium to fabricate high-performance
hierarchical MoS2/graphene (Figure 1.30a).[291] The interaction between MoS2 and graphene was
explained as electrostatic interaction between functional oxygen-containing groups on the graphene
surface and the positively charged area of MoS2, which could bind them together and suppress the
restacking problem of MoS2 sheets. Such mixture of MoS2 and graphene nanosheets (MoS2/GNS)
could self-assemble into a hierarchical porous structure by partially overlapping or coalescing. The
MoS2 nanosheets can grow on the large surface of graphene sheets, constructing hierarchical
structure with many pores and channels to promote the rate performance with a high capacity of 591
mAh g-1 at 1 A g-1. Feng’s group used electrochemically exfoliated graphene (EG) sheets as support
to grow vertical MoS2 sheets (Figure 1.30b).[304] The produced EG-MoS2 composites possessed a
high BET surface area of 57 m2 g-1, contributing to a surface-controlled capacitive behaviour in the
electrochemical tests. The vertically patterned MoS2 showed intimate contact with graphene, large
contact area with electrolyte and interconnected channels, delivering a high capacity of 1385 mAh
g-1 at 0.1 A g-1, a good rate performance of 1138 mAh g-1 at 2 A g-1 and excellent cycling stability
of 1250 mAh g-1 after 150 cycles at 1 A g-1.
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Figure 1.30 Fabrication process, morphology and performance of two graphene based hierarchical
MG composites: (a) self-assembled hierarchical MoS2/GNS;[291] (b) vertical MoS2 grown on
exfoliated graphene (EG-MoS2) as well as its electrochemical performance compared with MoS2.[304]
Besides the above-mentioned hierarchical MG composites prepared with rGO or exfoliated
graphene, GO with numerous negatively charged functional groups is also commonly used to
prepare hierarchical MoS2/graphene composites. The growth of MoS2 layers and reduction of GO
sheets can be simultaneously realized in one hydrothermal process.[302,305,306] In 2011, Chang et al.
developed two kinds of MoS2/graphene composites through hydrothermal procedures using thiourea
(NH2CSNH2)[305] or L-Cysteine (HSCH2CHNH2COOH)[306] as sulfur precursor. They all showed a
hierarchical morphology and excellent lithium storage performance (Figure 1.31 a-b). Then Patil
and coworkers used GO and rGO as precursor to hydrothermally prepare two different kinds of
MoS2/graphene nanohybrids.[302] The MoS2/graphene composite prepared with GO had a higher
BET surface area (∼114 m2 g-1) and better electrochemical performance (1365 mA h g-1 after 100
cycles at 50 mA g-1) than that prepared with rGO (∼58 m2 g-1, 859 mA h g-1 after 100 cycles at 50
mA g-1). This result highlighted that GO was more appropriate than rGO to integrate with exfoliated
MoS2 for producing high-performance composites. It may be explained by that the high
dispersibility and activity of GO afforded a more homogenous MoS2/graphene nanohybrid
compared to the control sample prepared with rGO precursors.
The incorporation of different additives (e.g., cationic surfactant[307,308], supercritical methanol[309],
chitosan[310] and acetic acid[311]) can also tune the structure and performance of MoS2/graphene
hybrids. For example, Chen’s group[307,308] investigated the effects of using cationic surfactants
including cetyltrimethylammonium bromide (CTAB), dodecyltrimethylammonium bromide
(DTAB), octyltrimethylammonium bromide (OTAB) and tetrabutylammonium bromide (TBAB) on
the morphology of MoS2 nanosheets on graphene (Figure 1.31 c-d). As-prepared MoS2/rGO
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composites all displayed a 3D hierarchical structure, among which the OTAB-assisted sample
displayed the best performance including a high capacity of 1200 mAh g-1 at 0.1 A g-1, good rate
performance of 901 mAh g-1 at 1 A g-1 and excellent cycling stability of 1183 mAh g-1 after 100
cycles at 0.1 A g-1. This can be attributed to its higher MoS2 content (70.92 %) than that of CTAB
(58.72 %) and DTAB (65.24 %) assisted samples, as well as the less number of stacked MoS2 layers
(~ 6 layers) than the TBAB-assisted sample (~ 8 layers). In 2014, Ma et al.[312] successfully anchored
nanotile-like hierarchical MoS2 sheets on graphene surface (NTL-MoS2/G) through a Gemini
surfactant (N-dodecylpropylenediamine γ-diquaternium bromide) assisted hydrothermal process
(Figure 1.31e). This heterostructure offered abundant channels for fast ion diffusion while the
sufficient pores and stable structure afforded a high capacity of ~1150 mAh g-1 at 0.1 A g-1, ~765
mAh g-1 at 1 A g-1, and 865 mAh g-1 after 140 cycles at 0.5 A g-1.

Figure 1.31 Morphology and performance of GO based hierarchical MG composites: (a) MoS2/G
prepared using thiourea;[305] (b) MoS2/rGO prepared using L-Cysteine as well as the electrochemical
performance of MoS2/ rGO samples with different weight ratios between MoS2 and graphene;[306]
(c) CTAB-assisted MoS2/rGO composites;

[307]

(d) MoS2/ rGO composites prepared with the

assistance of DTAB, TBAB and OTAB and their performance compared with neat MoS2;[308] (e)
Nanotile-like hierarchical MoS2/graphene (NTL-MoS2/G) prepared with the assistance of Gemini
surfactant and its lithium storage performance compared with neat MoS2.[312]
1.6.4.3 Hierarchical MoS2/graphene with hollow structure
Hollow structures were introduced in the MG composites for achieving a high performance. For
example, Li et al.[313] synthesized tubular graphene@MoS2 with a hierarchical morphology. Positive
charged MoO3 nanobelts were used as precursor and templates to form MoS2 sheets that decorated
on graphene nanotubes (Figure 1.32a). The ab initio density functional theory (DFT) based
simulation manifested that one-dimensional carbon nanotubes had a lower barrier of Li+ diffusion
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along the tubular direction compared to flat graphene sheets. [314] The high porosity offered by tubular
graphene and hierarchical MoS2 also suppressed the strain of volume changes, showing only 3.5%
capacity loss after 120 cycles at 0.4 A g-1. Zhao’s groups used polystyrene nanospheres as templates
to prepare another kind of MoS2/graphene composite with hollow structure (Figure 1.32b).[315]
MoS2 hollow spheres were formed onto or in-between large crumpled graphene sheets, which helped
to deliver a high capacity of ~800 mAh g-1 at 0.1 A g-1 and a good cycling stability of 752.4 mAh g1

after 100 cycles at 0.5 A g-1.

Figure 1.32 Morphology and performance of two hierarchical MG composites with hollow
structures: (a) MoS2 grown on graphene (G-MoS2) nanotubes as well as its electrochemical
performance compared with G-MoS2 nanosheets and neat MoS2;

[313]

composite as well as its cycling performance compared with hollow MoS2.

(b) hollow MoS2/rGO
[315]

1.6.4.4 Hierarchical MoS2/graphene doped with heteroatoms
In organic chemistry, heteroatoms refer to atoms except for carbon and hydrogen atoms. Introducing
heteroatoms into graphene or MoS2 can help to achieve high activity and create a defect-rich
structure for good lithium storage performance. [243,316] Two different heteroatoms-doping strategies
have been developed, including doping heteroatoms into graphene and inserting heteroatoms into
MoS2. Nitrogen and sulfur atoms are two common heteroatoms used to increase the conductivity
and activity of graphene. For example, Sun’s group doped nitrogen atoms into graphene sheets via
an annealing process in the presence of ammonia, and then grew ultrathin MoS2 onto the surface of
nitrogen-doped graphene forming a hierarchical structure.[317] This structure and doped nitrogen
atoms created many defects sites and vacancies in the composite, resulting in a high capacity of 522
mAh g-1 at 50 A g-1 and 1546 mAh g-1 after 300 cycles at 0.1 A g-1. Chen’s group doped sulfur atoms
into graphene sheets, which acted as bridges to strongly bond few-layered MoS2 and sulfur-doped
graphene together (MoS2/SG).[318] The intimate contact between MoS2 and graphene could greatly
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enhance the electron transport and maintain the structure stability. These strong bonding effects were
also verified by Lei’s work (Figure 1.33a).[181] They introduced dopamine (DA) as nitrogen
precursor to form MoS2/nitrogen-doped graphene (MoS2/N-G) composites. During the
hydrothermal growth process of MoS2, DA also acted as a binding agent and morphology promoter
to anchor MoS2 sheets onto graphene surface forming a uniform veil-like hierarchical architecture.
Density functional theory (DFT) calculations clearly demonstrated that the high interface binding
energy between MoS2 and graphene played an important role in delivering the high performance: a
high initial capacity of 1732 mAh g-1 at 0.1 A g-1, an excellent rate capability of 895 mAh g-1 at 1
A g-1 and a good cycling stability of 1102mAh g-1 after 100 cycles at 0.1 A g-1; in contrast to 1430,
280 and 420 mAh g-1 respectively for the MoS2/G electrode without dopamine linker.

Figure 1.33

Fabrication process, morphology and performance of two nitrogen-doped MG

composites: (a) Dopamine-assisted MoS2/N-G as well as its electrochemical performance compared
with neat MoS2, neat graphene and MoS2/G composite prepared without dopamine;[181] (b) NGMoS2 as well as its performance compared with NG/MoS2 and NG@MoS2.[319]
The growing of hierarchical MoS2 on graphene sheets as well as introducing nitrogen atoms into the
graphene sheets can also be accomplished by using an air-dried (NH4)6Mo7O24/GO film. Then
hydrazine hydrate was applied to process the film, which simultaneously reduced GO and doped
nitrogen atoms into the rGO nanosheets. Gases generated by the reduction of GO formed pores
between the rGO nanosheets. Then MoS2 sheets were grown on the surface of rGO sheets during a
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hydrothermal process producing nitrogen doped graphene-MoS2 (NG-MoS2) composite (Figure
1.33b).[319] For comparison, two control samples of NG/MoS2 and NG&MoS2 composites were
fabricated through adjusting the fabricating procedures. The NG/MoS2 composite was fabricated by
processing air-dried (NH4)6Mo7O24/GO film through a hydrothermal process followed by a chemical
reduction reaction, while an air-dried MoS2/GO film was used to produce NG&MoS2 by using
hydrazine vapour for reduction. Both NG/MoS2 and NG&MoS2 samples showed a more compact
structure than NG-MoS2. Owing to the combined attributes of doped nitrogen atoms, hierarchical
MoS2 sheets and layered porous graphene structure, the NG-MoS2 composite delivered a greatly
enhanced electrochemical performance, including an excellent rate performance of 710 mAh g-1 at
5 A g-1 and long cycling stability of 980 mAh g-1 after 400 cycles at 1 A g-1. In 2020, the N plasma
treatment was developed to dope nitrogen into both GO and MoS2.[316] A higher electronic
conductivity was achieved in the MoS2/GO composite to obtain better electrochemical performance
than the untreated samples.
Besides nitrogen and sulfur atoms, boron atoms were also doped into the graphene structure for
fabricating high-performance MG composites. A simple thermal annealing process was proposed to
simultaneously grow MoS2 layers on graphene surface as well as dope nitrogen and sulfur atoms
into graphene skeletons.[320] It is revealed that the doped heteroatoms could improve the structure
stability by enhancing the interaction between MoS2 and graphene. Boron and nitrogen atoms were
co-doped into graphene sheets (BNG) with the assistance of boric acid, urea and polyethylene glycol,
which were then used as supports for growing MoS2.[321] The MoS2/BNG composite could deliver a
high capacity of 971 mAh g-1 at 0.2 A g-1 with only a small capacity dropping of 3.3% after 100
cycles (Figure 1.34a).

Figure 1.34 Morphology and performance of two hierarchical MG composites with other
heteroatoms:

(a)

MoS2/B,

N

co-doped

graphene

composite

(MoS2/BNG);[321]

(b)

Co1/3Mo2/3S2/graphene nanocomposites (circled is the disordered area). [322]
Another heteroatom-doping strategy was to insert heteroatoms into MoS2 instead of graphene.
Qian’s group incorporated cobalt into MoS2 to form Co1/3Mo2/3S2/graphene nanocomposite.[322]The
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doped cobalt enhanced the composite conductivity by transforming the semiconducting 2H MoS2 to
metallic 1T MoS2, as well as releasing the structure stress. The conductivity of 0.46 S m-1 for
MoS2/graphene was increased to 1.39 S m-1 for Co1/3Mo2/3S2/graphene nanocomposite, which
generated an excellent rate capability of 548 mAh g-1 at a high current density of 4 A g-1, and
remarkable cycling stability of 940 mAh g-1 after 3200 cycles at 2 A g-1 and 400 mAh g-1 after 5000
cycles at 50 A g-1 (Figure 1.34b).
The properties and performance of some representative MoS2/graphene nanocomposites are
summarized in Table 1.3. The optimal weight content of MoS2 in most MoS2/graphene is around
80%, similar as that for MoS2/amorphous carbon nanocomposites. The low density of graphene and
the constructed porous structure is the main cause. MoS2/graphene nanocomposites with high BET
surface area usually delivered an excellent performance, proving the positive effects of porous
nanostructures on the electrochemical performance.
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Table 1.3 Summary of representative MoS2/graphene (MG) nanocomposites and their performance in half coin cells with lithium foils as counter electrodes between 0.01 - 3V.

Morphology

Interlayer
distance of
MoS2 (nm)

BET surface
area (m2 g-1)

MG content
in slurry

Mass loading
of electrode
(mg cm-2)

Rate capability
(mAh g-1/A g-1)

Cycling (mAh g1
/Cycles/A g-1)

Exfoliated MoS2/PEO/
graphene (93%)[298]

Nanosheets

N/A

N/A

N/A

1- 5

~800/0.1, ~500/1,
335/5, >250/10

>1000/180/0.05

Physically co-exfoliated
MoS2/rGO (80%)[297]

Nanosheets

37.8

80 %

N/A

700/0.1, 470/1, 342/2,
~170/5

750/50/0.1

Intercalation-exfoliated
MoS2/rGO (80%)[155]

Nanosheets

0.63

N/A

80 %

N/A

~1000/0.1, ~300/0.5,
~180/1, ~160/2

940/75/0.1

Physically-exfoliated MG
(~67%)[154]

Nanosheets

0.62

N/A

70 %

~1.22

~800/0.1, ~740/1, 692.1/2

1145/175/0.1

Ball-milled MoS2/rGO
(MoS2:GO=1:1)[300]

Restacked
layers

0.62

N/A

80 %

N/A

~800/0.1, 750/0.2, 632/0.5,
532/1

834/100/0.2

Grown MoS2/NG
(91.7%)[301]

Sandwiched
layers

0.62

10.2

80 %

1

~750/0.1, 631/0.5, 589/1,
528/2, 416/4

750/100/0.1,
552/600/1

Hydrothermal MoS2/rGO
(75%)[302]

Hierarchical
nanosheets

0.64

114

80 %

N/A

~900/0.1, ~850/0.5, ~800/1

1365/100/0.05

Hydrothermal MoS2/rGO
(87% )[291]

Hierarchical
structure

0.98

N/A

80 %

0.9-1 mg cm-2

~1400/0.1, ~800/0.5,
~1100/0.2, 591/1

1351/200/0.1

Ice-templated MoS2/rGO
(9.9%)[303]

Macroporous
framework

N/A

173

90 %

N/A

1098/0.1, 858/0.3, 659/1

1176/100/0.1

MG anodes
(weight ratio of MoS2)
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0.62

L-cysteine-assisted MoS2/rGO
(80.4%)[306]

Hierarchical
structure

0.62

N/A

80 %

N/A

~1100/0.1, ~950/0.5,
~900/1

1187/100/0.1

Thiourea-assisted MoS2/
rGO (Atom: C/Mo=2)[305]

Hierarchical
structure

0.62

N/A

80 %

1.5

~1400/0.1, ~1200/0.5,
1040/1

1290/50/0.1

Hydrazine-assisted MoS2/
rGO (79.24%)[323]

Hierarchical
structure

0.62

N/A

80 %

~0.68

~1070/0.1, ~870/0.5,
~725/1

1063/100/0.1

CTAB-assisted MoS2/rGO
(65%)[307]

Hierarchical
structure

0.63

N/A

80 %

N/A

~1050/0.1, ~880/0.5, 760/1

1020/100/0.1

OTAB-assisted MoS2/rGO
(71%)[308]

Hierarchical
structure

0.62

N/A

80 %

0.68-0.74

~1200/0.1, ~1050/0.5,
901/1

1183/100/0.1

Methanol-assisted MoS2/rGO
(46.8%)[309]

Hierarchical
structure

0.629

85.9

70 %

N/A

~700/0.1, ~440/1, 320/2.5,
236/5

896/50/0.05,
724/200/0.05

Chitosan-assisted
MoS2/rGO[310]

Hierarchical
structure

0.62

35

80 %

N/A

~1100/0.1, 893/0.5,
1038/0.2, 801/1

1075/100/0.1

Glacial acetic acid-assisted
MoS2/rGO (97%)[311]

Hierarchical
structure

0.62

N/A

85 %

N/A

946/0.2C, 889/0.5C,
875/1C, 709/10C

860/50/1C

Gemini surfactant-assisted
MoS2/rGO (65.38%)[312]

Hierarchical
structure

0.62

N/A

80 %

N/A

~1150/0.1, ~920/0.5,
~765/1

1033/220/0.1

Vertical 1T-MoS2/rGO
(83.6%)[324]

Hierarchical
nanosheets

0.98

N/A

80 %

N/A

~1550/0.07, ~1200/0.7,
666/3.5

N/A

Vertical MoS2/exfoliated
graphene (95.3%)[304]

Hierarchical
nanosheets

0.69

57

70 %

1

1385/0.1, 1217/0.5,
1182/1, 1138/2

1250/150/1

PEG-assisted MoS2/rGO
(69.72%)[325]

Hierarchical
structure

0.62

N/A

80 %

2

~1200/0.1, ~825/0.4,
~645/0.8, 431/1.6

970/80/0.1
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P123-assisted MoS2/rGO
(~77%)[326]

Hierarchical
structure

N/A

54.7

70 %

1.8-2.6

1100/0.1, 1050/0.5,
1000/1, 400/5

897/50/0.5,
715/50/2

MoO3-shaped MoS2/rGO
(90.9%)[313]

Hierarchical
nanotubes

0.625

N/A

80 %

0.9-1.4 mg
/electrode

825/0.1, ~700/0.4, 581/1.2,
502/2

830/120/0.4

Polystyrene-shaped MoS2
/rGO (81%)[315]

Hierarchical
hollow spheres

0.62

N/A

70 %

1-1.5

~800/0.1, ~700/0.5,
620.8/1

752.4/100/0.5

MoS2/S-doped
rGO (65.6%)[318]

Hierarchical
nanosheets

0.62

79

80 %

1.5

~1500/0.1, 1324/0.5,
1228/1, 915/10

1546/100/0.1,
800/2000/10

MoS2/N-doped rGO
(75.5%)[181]

Hierarchical
nanosheets

0.63

46.49

80 %

2

~1100/0.1, ~950/0.5, 895/1

1102/100/0.1

MoS2/N, S-doped rGO
(73.3%)[320]

Hollow spheres
on nanosheets

N/A

N/A

70 %

70 wt%

~1080/0.15, ~950/0.75,
860/1.5

1010/50/0.15

MoS2/B, N co-doped
graphene[321]

Hierarchical
structure

0.62

N/A

75 %

0.5

~950/0.2, ~850/0.5,
~800/1, 548/4

939/100/0.2

Co1/3Mo2/3S2/
graphene[322]

Hierarchical
nanosheets

3nm/1-5
layers

N/A

80 %

N/A

~1200/0.2, ~1050/1,
~900/10, 600/50

940/3200/2,
400/5000/50

N-doped graphene-MoS2
(79.4%)[319]

Hierarchical
layer structure

0.63

N/A

80 %

2

~1100/0.1, ~920/1, 710/5

980/400/1
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Research progress in freestanding MoS2/graphene composite
Carbon materials have also been used to incorporate with MoS2 to produce freestanding
MoS2/carbon composite materials, since the high strength and good flexibility of carbon materials
enable the construction of a robust structure. For example, carbon materials including CNT foam,
carbon foam (CF) derived from melamine foam, carbonized bacterial cellulose (cBC), carbon cloth
(CC) and carbon fiber papers have all demonstrated their use as substrates to load MoS2 in
fabricating freestanding or even flexible MoS2/carbon composites.[327–332] Nevertheless, graphene is
the most popular material for preparing freestanding MoS2/graphene composites, as its ultrahigh
tensile strength (up to 130 GPa) is preferred in constructing a stable backbone for the composite.[333]
Here in this section, some representative freestanding MoS2/graphene composites are presented.

1.7.1

Rigid freestanding MoS2/graphene electrodes

1.7.1.1 Rigid MoS2/graphene foams

Figure 1.35 Morphology and performance of three non-flexible freestanding MG foams: (a) MoS2
coated 3D graphene network (MoS2/3DGN);[334] (b) honeycomb-like hierarchical MoS2 grown on
graphene foam (HC-MoS2@GF) as well as its performance compared with two control samples
prepared by pasting MoS2 hollow spheres based slurry onto graphene foam (HS-MoS2@GF) or
copper foils (HS-MoS2);[335] (c) MoS2 grown on 3D vertical graphene foam (MoS2@3DVG)
compared with 3DVG and MoS2@3DG.[336]
MoS2/graphene foams is a kind of freestanding MoS2/graphene composites that have been developed
as anodes in LIBs. Typically, a CVD process is applied to grow graphene layers onto nickel foam,
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which is etched away in HCl solution in a post-treatment.[334] The resultant robust graphene foam
can be used as freestanding and porous substrate to load MoS2 sheets for high performance battery
anodes. Cao et al.[334] employed a CVD-assisted process to grow MoS2 flakes that were flatly
attached on the surface of graphene foam (MoS2/3DGN). The robustness of graphene foam as well
as the good contact between MoS2 and graphene enabled a stable structure and a good electron
transportation, thus it delivered a much better performance than MoS2 powder-coated graphene foam
(Figure1.35a).
Hierarchical MoS2 coated graphene foams have also been developed to gain benefits from their
synergistic effects. In 2014, Shen’s group [335] reported a P123 (a triblock copolymer,
HO(CH2CH2O)20(CH2CH(CH3)O)70(CH2CH2O)20H)) assisted hydrothermal process to anchor
ultrathin MoS2 layers on graphene skeleton forming a honeycomb-like hierarchical structure (HCMoS2@GF, Figure 1.35b). Compared with the control sample prepared by coating the slurry of
hollow MoS2 spheres onto graphene foams (HS-MoS2@GF), HC-MoS2@GF with uniformly
distributed and strongly bonded MoS2 layers possessed much lower contact and charge-transfer
resistances, thus improved the overall conductivity as well as the electrochemical activity of MoS2.
As a result, HC-MoS2@GF delivered a high capacity of 800 mAh g-1 at 5 A g-1, while it was only
400 mAh g-1 for HS-MoS2@GF and 200 mAh g-1 for neat MoS2. To further increase the performance
of MoS2/graphene foam composite, Rawat’s group[336] employed natural M. alternifolia essential oil
as precursor to develop 3D vertical graphene foam (3DVG), which then acted as the substrate for
growing 3D nanoflower-like MoS2 (Figure 1.35c). The obtained MoS2@3DVG composite with a
high areal mass of ~8.4 mg cm-2 delivered a capacity of 400 mAh g-1 at 3.2 A g-1, which was much
higher than the MoS2@3DG composite (MoS2 on foam with planar graphene).
1.7.1.2 Rigid MoS2/graphene aerogels
MoS2/graphene aerogels are commonly formed by the self-assembly of GO nanosheets. Under
hydrothermal conditions, the reduced GO sheets tends to be connected together forming hydrogels
owing to the combined effects from hydrophobic and van-der Waals interactions.[337] MoS2 can be
introduced into porous graphene aerogels forming porous MoS2/graphene aerogels. Those
MoS2/graphene aerogels can be ground into powders and processed into slurry for use as highperformance battery anodes, including exfoliated MoS2 monolayer/graphene aerogel,[338] interlayerexpanded MoS2/graphene nanoribbons aerogel,[339] and few-layers MoS2/N,S co-doped graphene
aerogel[340]. For freestanding MoS2/graphene aerogels, He et al.[341] prepared porous MoS2/3D
graphene aerogel (MoS2/GA) using GO and layered MoS2 nanosheets. MoS2 sheets were attached
on the surface of graphene sheets, and then aggregated/stacked into large and dense MoS2 particles
as the MoS2 content increased. As a result, the GA-M40 sample with a mass ratio of 0.4 between
MoS2 and GO showed the best performance: ~1150 mAh g-1 at 0.1 A g-1, 650 mAh g-1 at 2.5 A g-1
and 700 mAh g-1 after 100 cycles at 1 A g-1. This can be attributed to its optimal MoS2 content, dense
but uniformly distributed MoS2 sheets and strong graphene backbones.
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Figure 1.36 Morphology and performance of two pressed freestanding MG aerogel anodes: (a)
MoS2/graphene aerogel (1 C = 1.2 A g-1);[342] (b) Oxygen-doped MoS2/graphene aerogel (OMoS2/GAs) films with different mass loadings.[183]
Another route to prepare MoS2/graphene aerogels is to use the mixture of MoS2 precursors and GO
dispersion to simultaneously realize the growth of MoS2 and self-assembly of rGO hydrogel. In 2013,
Gong et al.[342] coated MoS2 sheets on the graphene sheets through a simple hydrothermal growing
process, forming superior porous 3D aerogels with a BET surface area of 285 m2 g-1 (Figure 1.36a).
Then heteroatoms were introduced to improve the conductivity and electrochemical activity of
MoS2/graphene aerogels. Tu’s group[186] produced a 3D porous carbon coated MoS2/nitrogen-doped
graphene (C-MoS2/N-G) aerogel with the assistance of PEG-2000. MoS2 sheets with an expanded
distance of 0.63 nm were strongly anchored on nitrogen-doped graphene sheets with rich defects,
which enabled a high surface area, fast electron/ion transfer and durable structure during the long
cycling test. Another heteroatom that had been studied to improve the structure and performance of
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MoS2/graphene aerogel was oxygen. At a low hydrothermal temperature of 180 oC, Sun’s group[183]
prepared oxygen-doped MoS2/graphene aerogels (O-MoS2/Gas-180) using the precursors of GO,
Na2MoO4 and thiourea (Figure1.36b). The oxygen-doped MoS2 possessed a high proportion of 1T
phase structure and large interlayer spacing of 1.015 nm. These hierarchical flower-like MoS2
clusters were wrapped in the porous graphene structure, offering a large surface area of 81 m2 g-1.
Even at a high areal mass of 5 mg cm-2, O-MoS2/GAs-180 composite could maintain a high capacity
of 88 mAh g-1 at a current density of 2.0 A g-1 after 3,000 cycle.

1.7.2

Flexible freestanding MoS2/graphene electrodes

1.7.2.1 Flexible MoS2/graphene films

Figure 1.37 Fabrication process, flexibility demonstration, morphology and performance of three
filtered freestanding and flexible MG films: (a) MoS2/G film as well as its electrochemical
performance compared with bulk MoS2 and exfoliated MoS2 (e-MoS2);[343] (b) MoS2-G-4 film
prepared by MoS2 and graphite with a weight ratio of 4:1 as well as its performance comparison
with bulk MoS2 and other MoS2-G films with different precursor ratios;[344] (c) MoS2/GS-II hybrid
film with 32% graphene as well as its performance comparison with neat MoS 2 and control sample
of P-MoS2/GS prepared by mixing powdery MoS2/GS-II with carbon black and polymer additive.[145]
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Graphene dispersion can be easily fabricated into freestanding flexible graphene film through
vacuum filtration,[345,346] This method can be easily modified to prepare flexible MoS2/graphene
films by introducing MoS2 or its precursors into the graphene or graphene oxide dispersion. The first
attempt of preparing layered MoS2/graphene film was reported in 2013 by Hu and coworkers.[299]
Exfoliated MoS2 and graphene were ultrasonication-mixed in a dispersion and then vacuum filtered
to form a MoS2-graphene hybrid film with a layered structure. However, it displayed a much worse
performance than the simply grinded sample due to the restacking problem which hinders lithium
ions to diffuse in and out of the MoS2 nanosheets. In 2015, Yang et al.[343] applied a vacuum filtration
method to process exfoliated MoS2 and GO dispersions into freestanding and flexible MoS2/GO
film. In the subsequent reduction process, some pores were formed by the gases from the reduction
of GO. MoS2 and rGO sheets were stacked and interlocked with each other forming a freestanding
and flexible MoS2/graphene (MoS2/G) film, which displayed a remarkable cycling performance in
LIBs with a capacity of 1102 mAh g-1 after 100 cycles at 0.1 A g-1 (Figure 1.37a).[343] Lately an
electrochemical exfoliation method that using tableted MoS2/graphite wafers as working electrode
and lithium foil as counter electrode was developed to simultaneously produce exfoliated MoS2 and
graphene nanosheets. A subsequent filtration procedure was applied to process those exfoliated
nanosheets into freestanding and flexible MoS2/graphene hybrid films (Figure 1.37b).[344]
Compared with the MoS2-G-1 and MoS2-G-2 samples with lower content of MoS2, the MoS2-G-4
sample prepared with a weight ratio of 4:1 between MoS2 and graphite showed the largest BET
surface area of 356.4 m2 g-1 and the highest capacity at all rates and cycling tests.
In addition to the above exfoliation and filtration method for preparing freestanding and flexible
MoS2/graphene film, Wang and co-workers demonstrated a method involving a filtration and a
subsequent annealing process (Figure 1.37c).[145] The precursor mixture of (NH4)2MoS4 and GO
was filtered to form a freestanding film, as the negatively charged oxygen-containing functional
groups on the surface of GO attracted the positively charged NH4+ ions onto its surface via
electrostatic interaction to form a GO-NH4+-MoS42- complex. During the annealing process, GO was
reduced while MoS2 was generated from (NH4)2MoS4 onto the surface of rGO nanosheets, thus
forming a freestanding and flexible MoS2/graphene composite (MoS2/GS) film with a layered
porous structure. Such films displayed excellent flexibility and a high surface area of 53.7 m2 g-1,
offering much better performance than the control sample of powdery MoS2/GS electrode.
1.7.2.2 Flexible MoS2/graphene foams
In 2016, a microwave-assisted solvothermal method was used to prepare freestanding and flexible
MoS2/graphene foam (MoS2@GF) composite by growing flower-like compact MoS2 layers onto
graphene foam.[347] Graphene foam (GF) was obtained by removing the nickel foam substrate via an
etching process after the growth of graphene via chemical vapour deposition (CVD) technique. Then
GF was transferred into a microwave reactor containing a solution of sodium molybdate and
thioacetamide. After reaction at 180 oC for 12 h, hierarchical MoS2 nanosheets were uniformly
decorated on the surface of GF, which afforded a strong structure stability and good flexibility in
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MoS2@GF (Figure 1.38 a-b). The combination of hierarchical MoS2 and the 3D porous GF enabled
the MoS2@GF composite to deliver an excellent lithium storage performance: 1400 mAh g-1 at 0.1
A g-1, 720 mAh g-1 at 1 A g-1 and 1127 mAh g-1 after 100 cycles at 0.25 A g-1 (Figure 1.38 c-d).
This work not only confirmed graphene as a suitable supporting material in freestanding and flexible
electrodes but also demonstrated the importance of porous nanostructure on improving the
electrochemical performance.

Figure 1.38 Fabrication process and flexibility demonstration of flexible MoS 2@GF (a), and its
morphology (b) as well as electrochemical performance as anodes in lithium ion batteries (c-d).[347]
1.7.2.3 Flexible MoS2/graphene aerogel
As described in the previous section, MoS2 can be easily introduced into porous graphene aerogels
to form porous MoS2/graphene aerogels. However, aerogels are not suitable for their direct use as
freestanding electrodes due to their large thicknesses. Normally a cutting and a subsequent pressing
procedure were applied to fabricate freestanding and flexible MoS2/graphene anodes. Xue’s
group[162] first synthesized few-layers MoS2 nanoflowers through a hydrothermal process and then
used them to prepare MoS2 anchored graphene aerogel paper (MGAP). The annealed MoS2
nanoflowers were ultrasonically mixed with GO dispersion and then subjected to the subsequent
processes of hydrothermal reaction, drying and cutting-pressing (Figure 1.39). The thin MGAP film
(30 μm) obtained at high pressure was preferred due to the easy penetration of electrolyte. They also
compared the MGAP film (30 μm) with powdery MrGO samples, which were prepared by freezedrying the mixture of non-calcined MoS2 nanoflowers and GO dispersion coupled with an annealing
process. The MGAP film clearly demonstrated high lithium storage performance in LIBs, which
delivered a high capacity of 1220 mAh g-1 at 0.1 A g-1, a good rate capability of 398 mAh g-1 at 1 A
g-1 and an excellent cycling stability with a capacity retention percentage of 101.1% after 700 cycles
at 1 A g-1.
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Figure 1.39 Fabrication process of MoS2 anchored graphene aerogel paper (MGAP) (a), and its
morphology (b) as well as performance in lithium ion batteries (c). [162]
Properties and electrochemical performance of representative freestanding MoS2/graphene (MG)
composites are summarized in Table 1.4, which also confirms that high interlayer distance and high
BET surface area afforded by a porous structure are crucial to achieving high lithium storage
performance. Interestingly, the optimized weight ratio of MoS2 in most of the freestanding MG
composites is in the range of 45-70%, which is lower than that of 80% for non-freestanding MG
nanocomposites. This can be explained by that a freestanding composite needs a much stronger
backbone to sustain and maintain the robust freestanding form.
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Table 1.4 Representative freestanding MoS2/graphene (MG) composites as well as their performance in half coin cells using pure lithium foils as counter electrodes.

Freestanding MG anodes
(weight ratio of MoS2)

Morphology

Interlayer
distance of
MoS2 (nm)

BET surface
area (m2 g-1)

Flexibility

Mass loading
of electrode
(mg cm-2)

Rate capability
(mAh g-1/A g-1)

Cycling (mAh g1
/Cycles/A g-1)

MoS2/3DG graphene
network[334]

Foam

0.61

N/A

N/A

N/A

849/0.1, 692/0.5, 597/1,
466/4

877/50/0.1,
665/50/0.5

MoS2/CVD-grown graphene
foam[335]

Hierarchical
foam

0.64

182.7

N/A

MoS2: 0.8-1.1

1200/0.1, 1095/0.5,
1007/1, 800/5

1100/60/0.2

MoS2/3D vertical graphene
foam (92%)[336]

Hierarchical
foam

0.64

N/A

N/A

8.4

~600/0.1, ~570/0.4
~500/0.8, 400/3.2

670/30/0.1

Hydrazine-assisted MoS2/rGO
(85%)[342]

Porous aerogel

N/A

285

N/A

N/A

~900/2C, 620/12C,
270/140C

620/3000/12C,
270/3000/140C

KSCN-assisted MoS2/rGO[348]

Porous aerogel

0.62

222.3

N/A

N/A

1298/0.1, 1095/0.4, 875/1,
327/10

870/200/1

Size-controlled MoS2/rGO
(MoS2:GO=0.4)[341]

Porous aerogel

N/A

N/A

N/A

N/A

1150/0.1, 990/0.5, 895/1,
650/2.5

700/50/1

Carbon coated MoS2/N-doped
rGO (56%)[186]

Porous aerogel

0.63

30

N/A

N/A

980/0.2, 780/1, 630/2,
500/4

900/500/0.2

O-doped MoS2/rGO (74.9%)[183]

Porous aerogel

1.015

81

N/A

5

~140/0.2, ~115/1, 70/4,
40/8, 25/16

88/3000/2

Electrochemically co-exfoliated
MG (80%)[344]

Stacked layers

0.663

356.4

Flexible

N/A

~680/0.1, 600/0.2,
380/0.5, 266/1

750/50/0.05,
700/100/0.2
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Exfoliated and filtered MG
film[343]

Stacked layers

N/A

N/A

Flexible

N/A

~1300/0.05, ~1180/0.1,
864/1

1102/100/0.1

Heat-induced MoS2/rGO
film (68%)[145]

Stacked layers

0.62

53.7

Flexible

N/A

1157/0.1, 880/1, 598/5,
344/20

867/500/0.5,
907/1000/1

Microwave-synthesized MG
foam (53.9%)[347]

Hierarchical
foam

0.62

N/A

Flexible

N/A

1400/0.1, 940/0.5, 720/1,
230/4

1127/100/0.25

MoS2@graphene foam
(45.25%)[349]

Hierarchical
foam

0.62

N/A

Flexible

N/A

774/0.2, 606/0.5, 508/1,
410/2

800/100/0.2,
535/400/1

Pressed MoS2/rGO paper
(48%)[162]

Porous aerogel

0.67

5.5

Flexible

N/A

~1100/0.1, 920/0.2,
688/0.5, 398/1

101.1%/700/1
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Thesis objectives
As discussed above, MoS2 is a promising anode material for lithium ion batteries due to its high
theoretical capacity and unique 2D layered structure. Layered MoS2 displays merits of large
interlayer distances, which can facilitate the diffusion of lithium ions. Moreover, MoS2 can be easily
exfoliated to provide large surface area for storing lithium ions while lithium-intercalation exfoliated
MoS2 usually possesses metallic 1T phase with high electronic conductivity for a good rate
performance.[350] However, MoS2 suffers from the drawbacks of low conductivity, restacking and
volume changing problems that occur during the charge/discharge processes. Bulk MoS2 displayed
semi-conductive 2H phase, which combined with the decreased surface area and Li+ diffusion rate
related to the restacking problem lead to poor rate capability and low capacity. Volume changing of
MoS2 may cause structure failure of the electrodes thus deteriorating the cycling stability.
Constructing a 3D porous structure and incorporating with carbon materials are two main effective
routes to address these drawbacks. A 3D porous structure can provide large surface area for the
storage of electrolyte ions and express diffusion pathway as well as accommodate the volume
changes of MoS2 during the charge/discharge processes. The incorporation of carbon materials can
suppress/mitigate the restacking problem. Carbon materials with good mechanical properties and
high processability can also help to construct a robust porous structure.
To date, many high-performance MoS2-carbon materials composites have been developed. It should
also be pointed out that most of them are in the powder form, which are not good candidates for
flexible lithium ion batteries that are increasingly highly desirable for portable and wearable
electronics. Moreover, freestanding MoS2-based composites electrodes are commonly fabricated via
a high-temperature hydrothermal process or CVD technique. They are time-consuming and
inevitably result in high cost thus limiting practical applications. It should also be mentioned that
most of the reported freestanding and flexible MoS2 based electrodes are produced with a low mass
loading, much lower than that of commercial electrodes (10 mg cm-2).[351] Therefore, it is highly
desirable to develop an interfacial method for fabricating high-performance freestanding and
flexible MoS2/carbon materials electrodes at low cost, which can be easily expanded into large scale
production.
The main aim of this thesis is to develop MC composites with improved performance as anodes for
lithium ion batteries. Three different MC composites have been developed, including
MoS2/nitrogen-doped carbon nanotubes, MoS2/rGO film and high areal mass MoS2/rGO film. The
first project introduces nitrogen-doped carbon nanotubes as substrate to grow hierarchical MoS2, in
order to obtain high-performance tubular MoS2/nitrogen-doped carbon composites. Then an
interfacial low-temperature self-assembly method is developed in the second project, which
produces freestanding, flexible and porous MoS2/rGO film for high-performance lithium ion
batteries. In the third project, this self-assembly method is further developed to increase the strength
and areal mass of MoS2/rGO film, in order to meet the requirements for potential practical
applications. A brief introduction of these three research themes is stated below.
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Project 1 - MoS2/nitrogen-doped carbon nanotubes (MoS2/CNT) production is presented in Chapter
3. Polypyrrole (PPy) is chosen as the structure template for growing MoS2 and a carbon source for
forming nitrogen-doped carbon, due to its good processability and versatile structural design. The
produced nitrogen-doped carbon can provide high conductivity, activity and wettability to enhance
the electrochemical performance. Tubular PPy template is prepared through a polymerization
process by using wire-like templates generated from methyl orange and FeCl3 for loading
hierarchical MoS2 sheets via a hydrothermal process. As control, spherical PPy is also prepared to
synthesize MoS2/nitrogen-doped carbon nanoparticles (MoS2/CNP). The comparison of lithium
storage performances between these two materials demonstrate the importance of 3D tubular
structure that can provide a high BET surface area.
In Chapter 4, graphene nanosheets with excellent mechanical properties and large aspect ratio are
selected to construct robust and flexible backbone for loading MoS2 sheets. Flexible freestanding
MoS2-reduced graphene oxide (MG) films are developed through a self-assembly process, which
spontaneously occurred in the mixture of exfoliated MoS2 dispersion and liquid crystalline graphene
oxide dispersion (LCGO). In the mixture, small MoS2 sheets are sandwiched between giant layered
LCGO sheets, forming a layer-by-layer structure. Electrostatic interactions between functional
oxygen-containing groups on LCGO and positively charged areas on MoS2 sheets contribute to the
formation of MoS2/rGO hydrogels. LCGO sheets are partially reduced during this process and selfassembled into 3D porous structure with small MoS2 sheets adsorbed on its surface. The formed 3D
porous structure endows this MoS2/rGO composite with excellent electrochemical properties in
LIBs; including a high capacity of 800 mAh g-1 at 0.1 A g-1, and a stable cycling performance with
no capacity drop after 500 cycles at 0.4 mA g-1.
It is challenging to increase the areal mass of this freestanding, flexible MG film by using exfoliated
MoS2 nanosheets, as exfoliated MoS2 sheets are unstable at high concentration in the dispersion and
tend to restack into precipitates while the decreasing of graphene content weakens the structural
strength and stability of MG composites. In Chapter 5, commercial MoS2 powders are directly
incorporated with LCGO. The LC phase in LCGO dispersion is robust enough to hold those large
MoS2 particles, forming a homogenous and stable mixture while maintaining the LC state. Through
a similar self-assembly process and introducing a reduction process with H3PO2, molybdenum
disulfide/reduced graphene oxide (MSG) film with a porous structure after being pressed offers high
strength and flexibility. It can deliver good electrochemical performance even at a high areal mass
of 8.2 mg cm-2, which is very close to that of commercial electrodes. This simple method can be
easily expanded to process other non-dispersible materials into freestanding, flexible and porous
films.
To summarize, the work in this thesis clearly shows the importance of the structural design and the
incorporation with carbon materials for improving the performance of MoS2 based anodes. The
developed MoS2/nitrogen-doped carbon composites and flexible MoS2/graphene films are
promising electrode materials for lithium ion batteries. This work also demonstrates that LCGO has
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the capability to integrate with MoS2 for forming freestanding, flexible and porous films, due to its
ultra-large size and huge aspect ratios, good mechanical properties and the unique liquid crystalline
state. It should be mentioned that the method used in these investigations to fabricate freestanding
and flexible MoS2/graphene films is facile, cost-effective and scalable. It also means that these
investigations not only provide some important information and knowledge to promote the
development of high-performance MoS2-based electrodes, but also provide a facile method to
fabricate large areal mass freestanding electrodes for potential practical applications.
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Chapter 2. Experimental
In this chapter, the experimental details for this doctoral work are summarized, including chemicals
(materials) used, characterization methods (equipment) and the preparation procedures.

List of chemical reagents and materials
In the following table, some basic information about the chemical and materials used in this thesis
is presented. They were all used as-received in the following preparation procedures unless stated
otherwise.
Table 2.1 List of chemical reagents and materials used in this thesis.

Chemicals/Materials

Formula

Grade/Assay

Supplier

Ethanol (in HDPE bottle)

C2H5OH

Analytical, Undenatured
100%

Chemsupply

Expandable flake
graphite

C

3772, ≥98% (carbon)

Asbury

Hydrochloric acid

HCl

ACS reagent, 37%

Hydrogen peroxide

H2O2

ACS reagent, 30 wt. % in
H2O

H3PO2

50 wt. % in H2O

FeCl3 · 6H2O

ACS reagent, 97%

L-Cysteine

C3H7NO2S

FG, ≥97%

Lithium foil

Li

---

Lithium
hexafluorophosphate
solution

1.0 M LiPF6 in
EC/DEC=50/50 (v/v)

Battery grade

SigmaAldrich

Methyl orange

C14H14N3NaO3S

N/A

Merck

Molybdenum disulfide

MoS2

99% (metals basis)

Alfa Aesar

n-Butyllithium solution

CH3(CH2)3Li

2.5 M in hexanes

PVA (polyvinyl
Alcohol)

[-CH2CHOH-]n

98-99% hydrolyzed

Potassium permanganate

KMnO4

ACS reagent, ≥99.0%

Pyrrole

C4H5N

Analytical, distilled

Merck

Sodium molybdate
dihydrate

Na2MoO4 · 2H2O

ACS reagent, ≥99%

Sulfuric acid

H2SO4

Analytical, 98%

SigmaAldrich
Chemsupply

Hypophosphorous acid
solution
Iron(III) chloride
hexahydrate

SigmaAldrich
SigmaAldrich
SigmaAldrich
SigmaAldrich
SigmaAldrich
Ganfeng
Lithium

SigmaAldrich
SigmaAldrich
SigmaAldrich
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Preparation of materials
The general preparation methods and techniques used in this thesis are briefly included here. Details
are introduced in the experimental sections of the following three chapters. Specifically, the
synthesis and characterization of MoS2/carbon nanoparticles and MoS2/carbon nanotubes are
described in Chapter 3. The self-assembled freestanding, flexible and porous MoS2/reduced
graphene oxide films for LIBs are addressed in Chapter 4. The preparation of another MoS2/reduced
graphene oxide film with high areal mass and its application for high areal capacity anodes in LIBs
are presented in Chapter 5.

2.2.1

Synthesis of liquid crystalline graphene oxide (LCGO)

LCGO was prepared by a modified Hummer’s method using thermal expanded graphite (EG). [285]
Briefly, EG was obtained by heating expandable graphite flakes (3772, Asbury Graphite Mills) at
1050 °C for 15 s under argon atmosphere. Concentrated sulfuric acid (98%, 400 mL) was added into
a three-neck flask with the as-formed EG (2 g) and stirred for 24 h. Then KMnO4 (15 g) was added
into the mixture, followed by another stirring of 24 h. During the following addition of Milli-Q water
(400 mL), an ice bath was used to cool the mixture. Then H2O2 (30%, 100 mL) was poured into the
reaction mixture, accompanied by a colour change from black to light brown. After being stirred for
another 1h, this dispersion was subjected to centrifuged-washing procedures with tenfold-diluted
HCl solution (9:1 water/HCl by volume) and then Milli-Q water until its pH reached above 5. The
resultant LCGO dispersion with large graphene oxide sheets was obtained, and it was diluted for
future use in Chapter 4 and Chapter 5.

2.2.2

Fabrication of MoS2/rGO hydrogel films

MoS2/rGO hydrogel films were fabricated via a self-assembly process spontaneously (Chapter 4) or
with the assistance of reducing agent (Chapter 5). In detail, MoS2 dispersion or MoS2 powders and
LCGO were well mixed by a vortex mixer before pouring into a glass petri dish. The mixture of
exfoliated MoS2 dispersion and LCGO displayed a spontaneous gelation process with slow speed at
ambient temperature or fast speed in an oven at 70 oC. For the mixture of MoS2 powders and LCGO,
H3PO2 was added to reduce the LCGO and form the hydrogel films in of the oven at 70 oC. After
freeze-drying, both of the two kinds of freestanding MoS2/rGO films showed good flexibility and
ordered porous structure.

Assembly of lithium-ion coin cells
Anodes for lithium-ion batteries were tested in the 2032 type coin cells, which had a diameter of 20
mm and height of 3.2 mm (Figure 2.1). These cells were assembled in an argon-filled glovebox
(MBrau, UNIlab Plus). The electrolyte used was 1 M LiPF6 in a mixture of ethylene carbonate (EC)
and dimethyl carbonate (DMC) (1:1, v/v) (Aldrich). Lithium foil and porous polypropylene
membrane (Celgard) were used as the counter electrode and separator, respectively. The powdery
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MoS2/carbon materials in Chapter 3 were processed into electrodes by coating a mixed slurry of NMethyl-2-pyrrolidone (NMP) containing active materials, carbon black and polyvinylidene fluoride
(PVDF) (weight ratio of 8:1:1), onto a copper foil and then drying in a vacuum oven at 60 °C
overnight. Two kinds of MoS2/rGO films in Chapter 4 and Chapter 5 were directly cut into small
pieces (about 1 cm2) for their use in LIBs.

Figure 2.1 Schematic configuration of a lithium coin cell.

Characterization
The characterizations in this work involved physicochemical characterizations that reveal the
content, structure and mechanical properties of materials, as well as electrochemical
characterizations that demonstrate their working mechanism and electrochemical performance.

2.4.1

Physicochemical characterization techniques

The following are the typically used physicochemical characterization techniques used in this thesis
including polarized optical microscopy (POM), atomic force microscopy (AFM), scanning electron
microscopy (SEM) in conjunction with energy-dispersive X-ray spectroscopy (EDS), transmission
electron microscopy (TEM), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS),
Raman spectrometer, fourier transform infrared spectroscopy (FTIR), thermal gravimetric analysis
(TGA), specific surface area (SSA) analysis, tensile test and four-terminal sensing (4T sensing).
2.4.1.1 POM
Polarized optical microscopy (POM) is a kind of polarized light microscopy that usually crosspolarize light to observe the birefringence of samples. Usually two polarizers t placed at right angles
to each other are used as filters in a POM, which is named as cross-polarized optical microscopy.
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The polarizer only allows the passing of light at a specific direction. As illustrated in Figure 2.2,
only light waves with the same direction as the first polarizer could travel through it to encounter
the samples. Afterwards, the passed wave is blocked by the second polarizer (also named as
analyszer) that is placed perpendicular to the first one. Therefore, light waves passing through an
isotropic specimen would experience no changes and cannot pass through the second polarizer,
making it appear dark. On the other hand, light waves of one direction could be resolved into two
individual wave components (named as O-ray and E-ray) by the anisotropic regions. Part of these
waves would be able to pass through the second polarizer (analyser), showing bright regions. In this
work, a Leica DM 6000 was used to detect the existence of liquid crystal phases in LCGO dispersion
and its basic mixtures.

Figure 2.2 Schematic showing the working principles of POM for (a) isotropic and (b) anisotropic
specimen.[352]
2.4.1.2 AFM
Atomic force microscopy (AFM) utilizes a probe with a sharp tip to scan the specimen surface and
record the forces between them. High resolution AFM images could be acquired to analyse the
surface roughness as well as the thickness and size of thin-sheet samples. In this study, an Asylum
MFP-3D AFM was applied to characterize the exfoliated LCGO and MoS2 nanosheets, which were
diluted and deposited on a pre-cleaned mica plate.
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2.4.1.3 SEM and EDS
The scanning electron microscope (SEM) is a common electron microscope that is used to capture
the surface (and/or cross-sectional) morphology of samples. A high-energy beam of electrons was
used to collect the signals that resulted from the interactions between electrons and atoms on the
sample surface. Detecting secondary electrons emitted by atoms was the most commonly used mode
to observe the surface topography while the produced X-rays can be recorded through the energydispersive X-ray spectrometer to analysis the elemental composition and distribution.
In this thesis, both the powder and film samples were conductive composites. They were directly
fixed onto an aluminium holder by carbon conductive tape for the characterizations using a JEOL
JSM7500 FA field emission SEM. SEM images were taken under a 5 kV acceleration voltage and a
10 μA emission current; while the EDS mapping images were collected with a 15.0 kV acceleration
voltage and a 20 μA emission current.
2.4.1.4 TEM
Transmission electron microscopy (TEM) is a kind of electron microscopy that forms images using
a beam of electrons to transmit through ultrathin samples. After being magnified and focused on
imaging devices, TEM can produce extra high-resolution images for the characterizations of surface
morphology and crystal structure. TEM can also be modified for EDS mapping with the assistance
of an energy-dispersive X-ray spectroscopy (EDS) detector. In this thesis, samples were loaded onto
a copper grid with holey carbon films. A 200 kV conventional LaB6 TEM (JEOL JEM-2010) was
used to collect bright-field TEM images while a 200 kV probe corrected STEM (JEOL JEMARM200F) was applied for EDS mapping.
2.4.1.5 XRD

Figure 2.3 Schematic arrangement of XRD Diffractometer.[353]
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The X-ray diffraction (XRD) technique uses an X-ray beam to interact with atoms in the crystal and
collects the diffraction signals for chemical structure analysis. The diffraction patterns are unique
for every element or compound, which could be used to confirm the atomic and molecular structure
in a sample. As shown in the schematic arrangement of an XRD diffractometer (Figure 2.3), samples
were fixed on a rotated sample holder which have an angle of θ with the beam. Incident angle of Xray beam was uniformly changed while the diffraction signals detector receives a modified
diffraction X-ray signal as a function of 2θ. Interlayer distance between atom layers (d) can be
calculated through the following Bragg’s Law.[353]
d=

𝑛𝜆
2𝑠𝑖𝑛𝜃

2-1

where λ is the wavelength of X-ray beam, θ is the angle between X-ray beam and sample, n is the
order of reflection (usually is 1).
In this work, a GBC MMA diffractometer with Cu Kα X-ray (λ=0.15406nm) was used to collect
XRD spectra at a scan rate of 2 degrees per min.
2.4.1.6 XPS
X-ray photoelectron spectroscopy (XPS) was used to quantitatively analyze the sample surface by
recording the kinetic energy and number of electrons that escaped from the surface of materials
irradiated by an X-ray beam. The XPS spectra provides detailed information about the elemental
composition as well as the chemical and electronic state of every element. In this study, a
hemispherical energy PHOIBOS 100/150 analyser was applied to collect the XPS spectra for all
samples. Al Kα radiation with photon energy of 1486.6 eV produced the X-ray at a voltage of 12 V
and a power of 120 W. All XPS data were analysed using the software CasaXPS.
2.4.1.7 Raman
As a common spectroscopic technique, Raman spectroscopy is mainly used to study the vibration
of molecules while rotational or some other low-frequency modes may be included.[354] A laser is
the most common light source that is used in Raman spectroscopy. Based on the inelastic scattering
of photons (i.e. Raman scattering), laser photons can interact with the molecular vibrations, phonons
or other excitations in the system. The resultant energy shifts are recorded to give details about the
vibrational modes in the system. In this thesis, all Raman spectra were collected by a confocal
Raman spectrometer (Jobin Yvon HR800, Horiba) using a 632.8 nm diode laser.
2.4.1.8 FTIR
Fourier transform infrared spectroscopy (FTIR) is a spectroscopic technique used to obtain the
infrared spectra of the absorption or emission of samples. Every absorption peak in FTIR spectra
can be recognised as a certain molecular moiety, which can be used to identify chemical structures
in various samples, especially the organic and polymer materials. In Chapter 3, a Shimadzu FTIR
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Prestige-6821 (Shimadzu Scientific Instruments) was used to acquire the FTIR spectra of samples
containing PPy or annealed PPy.
2.4.1.9 TGA
Thermogravimetric analysis (TGA) is a thermal analysis method that is carried out through
recording and studying the weight variation curves of samples over a wide range of temperatures.
Generally, the temperature is varied at a certain speed while the reaction atmosphere varies from
vacuum, ambient air to insert gases such as nitrogen or argon. The results can indicate physical and
chemical properties about the sample, including phase transitions, thermal decomposition, solid-gas
reactions, and so on. Based on the atmosphere used and referencing known reactions, TGA can also
be applied to determine the weight percentage of each component in composites. In this thesis, all
TGA experiments were conducted on a thermogravimetric analyzer (Q500, TA instruments) under
air flow.
2.4.1.10 BET
Specific surface area (SSA) data is a physical value that is defined as the total surface area of a
material per unit of mass or volume. It can be used to reveal the structure and properties of materials.
Brunauer-Emmett-Teller (BET) isotherm tests are applied to get the SSA data, in which nitrogen is
the most widely used gaseous adsorbate due to its chemical stability with many materials. In this
work, SSA was calculated from the BET measurements that were carried out by using a
quantachrome corporation NOVA 1000 high speed gas sorption analyser or a Tristar II 3020 gas
adsorption analyser (Micromeritics).
2.4.1.11 Tensile test
Tensile test is mainly applied to test the fracture strength of materials. During the stretching process
with a certain velocity, the force is accurately measured as a function of time or elongation. The
elongation can be used to analyze the elasticity of samples while the fracture force is used to
calculate the fracture strength (P, MPa) using the following equation:
P=F/S

2-2

which F is the tensile force at the fracturing point in N; S is the cross-sectional area (mm2) calculated
using the thickness and width of MSG films. In Chapter 5, a Shimadzu EZ mechanical tester was
applied to conduct the tensile tests of rGO and MoS2/rGO films at a cross-head speed of 1 mm min1

.
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2.4.1.12 4T sensing probe

Figure 2.4 Schematic of a typical four-point sensing probe.[355]
A four-terminal sensing (4T sensing) probe is an electrical impedance measuring technique that uses
two pairs of current-carrying and voltage-sensing electrodes to characterize the conductivity or
resistance of samples (Figure 2.4).[355] The separation of current and voltage electrodes would
neutralise contact resistance for precise measurement. Resistance is calculated from the measured
voltage between connections 2 and 3 as well as the applied current between connections 1 and 4.
Commonly, 4T sensing affords the resistance of samples in the unit of ohm per square, which can
be used to calculate the conductivity (σ, S cm-1 or S m-1) of film samples according to the following
equation:[356]
σ=

1
𝜌

=

1
𝑅𝑡

2-3

where ρ is the bulk resistivity in Ω∙cm or Ω∙m, R is the sheet resistance in Ω/square, t is the film
thickness in cm or m.

2.4.2

Electrochemical characterization techniques

Electrochemical characterizations were accomplished by cyclic voltammetry (CV), galvanostatic
charge/discharge (GCD) and electrochemical impedance spectroscopy (EIS).
2.4.2.1 CV
Cyclic voltammetry (CV) is a commonly used potentiodynamic electrochemical measurement to
investigate the electrochemical behaviour and analyse the redox reactions of electrode materials in
energy storage devices such as supercapacitors and batteries. A typical CV experiment is carried out
by employing a linearly varied electric potential between reference electrode and working electrode
in a three-electrode system or between the positive electrode and negative electrode in a twoelectrode battery system. The kinetics of electron transfer in an electrochemical reaction at the
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working electrode resulted in current variation in CV, which can be identified by the current peaks
shown in the curves. Therefore, batteries materials with redox reactions would form pairs of faradaic
redox peaks in their CV curves, which can be used to estimate the charge passed during oxidation
and reduction processes (Figure 2.5).[357] In this thesis, CV measurements were conducted using a
Solartron SI 1287.

Figure 2.5 Typical cyclic voltammograms of battery electrode materials with faradaic redox
peaks.[357]
Regarding to the CV tests of electrode materials in lithium ion batteries, they are commonly carried
in a two-electrode system using lithium foil as counter and reference electrodes in a coin cell as
displayed in Figure 2.1. The measurements were carried out using a fixed scan rate over the
potential range of 0-3.0 V (vs. Li/Li+) in this thesis. The measurements at various scan rates can be
used to explore the charge storage kinetics based on Equations 2-4 and Equation 2-5[274]:
𝑖 = 𝑎𝜐 𝑏

2-4

log 𝑖 = b × log 𝑣 + log 𝑎

2-5

Where 𝑖 is the peak current in mA, υ is the san rate in mV s-1, a and b are corresponding to adjustable
coefficients. The calculated value of b can be used to evaluate the types of the charge storage
process.[140] Generally, a material with b of 0.5 has a traditional diffusion-controlled charge storage
process, while a b of 1 represents a fast capacitive charge storage process that is related to fast
faradaic reactions occurring at the near-surface of electrode materials. Furthermore, the CV results
can be utilized to estimate the diffusion-controlled contribution or capacitive contribution to the total
capacity at different scan rates, by using the following Equations 2-6 and 2-7.
𝑖 = k1 𝜐 + k 2 𝜐1/2

2-6

𝑖/𝜐1/2 = k1 𝜐1/2 + k 2

2-7
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Where i is the peak current in mA, v is the scan rate in mV s -1, k1 and k2 are constants that can be
used to quantitatively determine the capacitive currents at different potentials. The percentage of
capacitive part (k1υ) and diffusion-controlled part (k2υ1/2) at different scan rates of electrode
materials can be calculated to analyze the capacity contribution.
2.4.2.2 GCD
As a kind of chronopotentiometry method, the galvanostatic charge/discharge tests were carried out
by collecting the potentials changes at a constant current. For anodes materials, the potential
window is usually between 0.005 and 3V. The applied current (or current density) and
charge/discharge time in this potential window could be used to calculate the total (or specific)
charge/discharge capacity of the anode materials. By applying different current or long cycles, the
rate and cycling performance of anode materials could also be characterized. In this thesis, the
charge/discharge tests were conducted using a BTS3000 battery test system (Neware Electronic Co.)
or a Land battery test system (Wuhan Jingnuo, China).
2.4.2.3 EIS
Electrochemical impedance spectroscopy (EIS) can be used to investigate the impedance in battery
systems. The data were collected under a small AC potential over a range of frequencies, which can
be used to study the electrochemical processes within electrode materials including electron transfer
and mass transport. Usually impedance results are presented as Nyquist plots, which have an X-axis
showing the real part and a Y-axis plotting the imaginary part. In this work, a Gamry EIS 3000TM
system or a Bio-logic workstation was used to perform the EIS with an AC amplitude of 10 mV in
a freguency range of 100 kHz to 0.01 Hz.
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Chapter 3. Three Dimensional Nanostructured Molybdenum
Disulfide / Nitrogen-doped Carbon Composite for High Lithium
Storage

This chapter is adapted from the research article entitled “Tuning the structure of three-dimensional
nanostructured molybdenum disulfide/nitrogen-doped carbon composite for high lithium storage”
by Yunfeng Chao, Yu Ge, Yong Zhao, Jicheng Jiang, Caiyun Wang, Chunyan Qin,
Amruthalakshmi Vijayakumar, Changchun Yu, and Gordon G. Wallace in Electrochimica Acta
2018, 291, 197-205. (DOI: 10.1016/j.electacta.2018.08.148). Adapted with permission from
Elsevier Ltd.
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Two different kinds of MoS2/C composites, MoS2/C nanotubes and MoS2/C nanoparticles, are
synthesized by using nano-featured polypyrrole as the template and carbon source. The much better
performance derived from MoS2/C nanotubes clearly emphasizes the important role of a 3D
structure in the lithium storage performance.
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Introduction
As discussed above, molybdenum disulfide (MoS2) is recognized as a promising alternative anode
material. Currently it suffers from drawbacks including low conductivity, restacking problem and
volume changes during the repeated intercalation/de-intercalation of Li ions.[256,301,335,358] All these
result in poor rate capability and poor cycling stability. [187,268,359] Currently two main effective
approaches are applied to overcome these drawbacks: incorporation with conductive carbon
materials as conductive support, and creation of three-dimensional (3D) structures.[187,268,359]
Introducing carbon materials can increase the conductivity as well as hinder the restacking problem
of MoS2.[140,144,268] A 3D structure can offer the advantages of shortened ion diffusion path, increased
surface area, and accommodating volume changes as well.[360]
Among various carbon materials, nitrogen-doped carbon has attracted extensive attention owing to
its merits of affording sufficient active sites, enhanced surface wettability, and high electrical
conductivity.[361,362] The incorporation of heteroatom nitrogen into carbon creates a disordered
structure with numerous defects that benefits the lithium storage. [363,364] Combining nanostructured
nitrogen-doped carbon with MoS2 can offer better electrochemical performance by harnessing their
inherent merits. 2D MoS2 possesses large surface area and high theoretical capacity. Nitrogen-doped
carbon acts as the conductive component in the composite improving the rate capability and
providing additional capacity as well. In addition, a 3D nanostructure can buffer the volume changes
of MoS2 during the charge/discharge process and suppress the restacking problems thus achieving
long cycle life. Nanostructured MoS2/C composites have demonstrated excellent electrochemical
properties in lithium batteries.[281,365] For example, a high specific capacity of 947 mAh g-1 at 2 A g1

was delivered by rose-like MoS2/nitrogen-containing carbon/graphene hybrids,[359] which was

fabricated by hydrothermally growing MoS2 on PPy coated GO nanosheets in combination with a
calcination process at 800

o

C. Using Fe2O3 nanocubes as templates, the nitrogen-doped

carbon@MoS2 nanoboxes composite[259] was prepared through the carbonization process of
polydopamine, the etching of templates and solvothermal growth of ultrathin MoS2 nanosheets. This
material delivered a capacity of 689 mAh g-1 at a current density of 2 A g-1.
Nitrogen-doped carbon can be produced via chemical vapour deposition, thermal annealing, plasma
treatment and the arc-discharge method.[361,366] Using polypyrrole (PPy) to produce nitrogen-doped
carbon via a carbonization process has attracted attention because of its ease of processability, and
controllable nano-scaled features such as nanoparticles, nanofibres and nanotubes.[366–368] Nitrogendoped carbon nanotubes@MoS2 nanosheets composite was reported by using PPy nanotubes as
template for growing MoS2 nanosheets via a hydrothermal method coupled with an annealing
process.[365] This material demonstrated a high capacity of 1040 mAh g-1 at 0.2 A g-1 and a capacity
of 645.8 mAh g-1 at 1.6 A g-1 after 200 cycles. However, the effect of the ratio between nitrogendoped carbon nanotubes and MoS2 nanosheets on the performance was not discussed. The
comparison with different nanofeatures was not mentioned either.
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In this work, MoS2 nanosheets were hydrothermally grown and anchored on nanostructured
nitrogen-doped carbon by using PPy nanotubes or nanoparticles as template, followed by an
annealing process. The expanded interlayer distance (0.67 nm) of MoS2 nanosheets and the nanotube
structure from PPy were both retained in the MoS2/CNT composite. Different ratios between MoS2
and CNT were investigated to understand the relationship between the structure and electrochemical
performance. MoS2/CNP composite was investigated as control to investigate the structural effect
on the electrochemical performance. The MoS2/CNT composite with 75% of MoS2 displayed an
excellent performance, including high capacity, outstanding rate capability and good cycling
stability.

Experimental
3.2.1

Fabrication of PPy nanotubes

Polypyrrole (PPy) nanotubes were prepared with the assistance of a reactive template formed by the
anions of azo dye methyl orange (MO) and FeCl3.[369] In a typical procedure, MO (147.3 mg, 0.45
mmol) was dissolved into Milli-Q water (90 ml) to form an orange solution, followed by addition
of FeCl3∙6H2O (1.22 g, 4.5 mmol). A flocculent precipitate could be observed immediately in the
solution. Then pyrrole monomer (4.5 mmol) was added into the mixture and kept stirred for 1 day
at room temperature. The produced black precipitates were collected by centrifugation coupled with
a rinse process with Milli-Q water and ethanol to remove the impurities until the dispersion was
colourless and neutral, then freeze-dried overnight to obtain PPy nanotubes.

3.2.2

Fabrication of PPy nanoparticles

Polypyrrole (PPy) nanoparticles were obtained by employing PVA/FeCl 3 complexes as templates
and oxidant for the growth.[370,371] A solution of PVA (polyvinyl alcohol, MW = 50,000, 5 wt%) was
prepared by dissolving PVA into Milli-Q water at room temperature, then FeCl3∙6H2O was added to
form a viscous solution which was orange in colour. Pyrrole monomers were then introduced into
the solution (0.1 mol/L) for the polymerization and the reaction lasted 4 h in an ice bath. The molar
ratio of oxidant to monomer was 2.5:1. The same procedure for collecting PPy nanotubes were
followed to collect PPy nanoparticles except for the use of hot water in the rinsing process.

3.2.3

Fabrication of nano-featured MoS2/PPy and MoS2/C composites

Freeze-dried PPy nanotubes or PPy nanoparticles (20 mg) were re-dispersed into Milli-Q water (40
ml). After a sonication process of 2 h, a designated amount of Na 2MoO4 was added into the
dispersion and stirred for 30 min. As a sulfur source and reducing agent,[306] L-cysteine (C3H7NO2S)
was then added (L-cysteine: Na2MoO4 = 2: 1, by weight) and stirred for another 10 minutes. The
above mixture was transferred into a 50 mL Teflon-lined stainless-steel autoclave and subjected to
a hydrothermal process at 180 oC for 24 h to grow MoS2 nanosheets on the surface of PPy, forming
MoS2/PPy composites. The products were obtained following the procedures of centrifugation,
washing 3 times with water, and a final freeze-drying process. This composite was named as
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xMoS2/PPy, where x is the weight ratio between MoS2 and PPy. Neat MoS2 nanosheets were also
prepared under the same conditions as control.
The products of PPy, MoS2 nanosheets and MoS2/PPy composites were treated at 800 oC in a tube
furnace under argon flow at a heating rate of 5 oC /min and held at this temperature for 2h. The
annealed samples (i.e., PPy nanotubes, PPy nanoparticles, MoS2 and xMoS2/PPy composites) were
assigned as CNT, CNP, annealed MoS2 and xMoS2/C, respectively.

3.2.4

Material characterizations

All samples were characterized by the techniques introduced in Chapter 2, including scanning
electron microscopy (SEM), transmission electron microscopy (TEM), energy-dispersive X-ray
spectroscopy (EDS), Brunauer-Emmett-Teller (BET) isotherm tests, X-ray photoelectron
spectroscopy (XPS), Raman, fourier transform infrared spectroscopy (FTIR) and thermogravimetric analysis (TGA). EDS images of MoS2/C nanoparticles were acquired by using a JEOL
JSM7500. For a clear view of individual MoS2/C nanotubes, EDS images of MoS2/CNTs were
acquired by use of a JEOL JEM-ARM200F. BET test in this work was conducted using the
Quantachrome corporation NOVA 1000 high speed gas sorption analyzer.

3.2.5

Electrochemical measurement

All the electrochemical measurements were performed according to the procedures presented in
Chapter 2. In detail, the used copper foils had an area of about 1 cm2 and the mass loading of active
materials was in a range of 1-1.2 mg cm-2. Cyclic voltammograms (CV) were recorded using a
Solartron SI 1287 electrochemical system at a scan rate of 0.2 mV s-1 over a potential range of 0.01
to 3 V (vs. Li/Li+). Galvanostatic charge/discharge tests were conducted using a LAND CT2001A
battery test system (Wuhan Jinnuo Electronics Co. Ltd.) over the potential range of 0.005 to 3 V (vs.
Li/Li+). Electrochemical impedance spectra (EIS) were acquired using a Gamry EIS 3000 system
over a frequency range of 100 kHz to 0.01 Hz with an AC perturbation of 10 mV.

Results and discussion
3.3.1

Preparation of nanostructured MoS2/C composites

The schematic procedure to synthesize nano-featured MoS2/C composite is illustrated in Figure 3.1.
It began with the formation of a template to nucleate and confine the growth of PPy. In the solution
containing MO and FeCl3, FeCl3-MO aggregates with a fibrillar structure were formed as the seed
template for growing PPy. As the polymerization proceeded, the template was automatically
degraded due to the reduction of iron cations, thus forming PPy with a tubular nanostructure. [369] For
producing PPy nanoparticles, globular PVA/Fe3+ complexes were employed as oxidant and selfassembly template. Due to the inherently hydrophobic property of pyrrole and the steric stabilization
provided by PVA, the formed pyrrole chains tended to yield spherical polymer nanoparticles.[370]
These formed PPy with distinct nanostructures were used for anchoring MoS2 nanosheets that were
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produced from the reaction of Na2MoO4 with L-cysteine. The MoS2/C composites were obtained by
carbonizing the component PPy through an annealing process in argon flow, which can also improve
the degree of crystallinity of MoS2.[318,359]

Figure 3.1 Schematic illustration of the procedures to synthesize MoS2/C composites.

3.3.2

Morphology and structural analysis

To investigate the morphology and structure, SEM and TEM images of as-prepared samples were
collected. The formed PPy with the use of FeCl 3-MO template and its derived carbon samples both
exhibited a diameter in the range of 100 to 200 nm (SEM images, Figure 3.2 a and c), showing a
clear tubular architecture (TEM images, Figure 3.2 b and d). Neat MoS2 demonstrated a flowerlike layer structure in clusters (Figure 3.2e), and no obvious structural changes were observed after
the annealing (Figure 3.2f). The annealed MoS2 demonstrated an expanded interlayer distance of
0.67 nm, higher than that 0.62 nm for bulk MoS2 (Figure 3.2g). After being subjected to a
hydrothermal process, uniform flower-like patterns constructed with MoS2 nanosheets covered the
surface of PPy nanotubes (Figure 3.2h). Those independent tubular nanostructures were retained in
the MoS2/PPy nanotubes composite (Figure 3.2i, Figure 3.3 b and d). After the annealing process,
such morphology and structure were retained (Figure 3.2 j-k), and the MoS2 nanosheets in
MoS2/CNT retained the same expanded interlayer distance of 0.67 nm (Figure 3.2l) as the neat
annealed MoS2.
The SEM images of 1MoS2/PPy nanotubes, 4MoS2/PPy nanotubes and their annealed products were
also collected (Figure 3.3 a-d). 1MoS2/PPy nanotubes composite showed a similar structure as
2MoS2/PPy nanotubes: flower-like MoS2 nanosheets uniformly covered PPy nanotubes; no
structural changes could be found after the annealing. For 4MoS2/PPy nanotubes and 4MoS2/CNT,
it is noticed that MoS2 nanosheets not only totally covered the surface of PPy nanotubes or CNT but
also formed MoS2 clusters between the tubular nanostructures, which may be due to the excessive
amount of MoS2 produced. Elements C, N, Mo and S were detected in 2MoS 2/CNT with uniform
distribution (Figure 3.2 m), which evidences the formation of a hybrid structure.[372] In addition, the
element oxygen was also detected, and its presence may come from organic contamination and
oxidized Mo atoms.[373,374]
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Figure 3.2 SEM and TEM images of PPy nanotubes (a-b), CNT (c-d), MoS2 (e), annealed MoS2 (fg), 2MoS2/PPy nanotubes (h-i) and 2MoS2/CNT (j-l); (m) EDS mapping images of 2MoS2/CNTs
showing the distribution of elements including C, N, O, Mo and S.
In order to investigate the influence of nanostructures on the electrochemical performance, the
2MoS2/C composite in the form of nanoparticles was synthesized as control. Both PPy nanoparticles
and CNP displayed a same spherical nanostructure with a uniform particle size of ~150 nm (Figure
3.4 a-b). During the hydrothermal reaction, few-layers MoS2 with uniform flower-like patterns were
grown and covered the surface of PPy nanoparticles (Figure 3.4 c-d). After the carbonization, no
morphological difference was observed (Figure 3.4 e-f). The MoS2 with expanded interlayer (0.67
nm) was also observed in 2MoS2/CNP, as certified by its HRTEM image (Figure 3.4g). The uniform
distribution of C, N, Mo and S elements in EDS mapping images verifies the formation of a hybrid
structure with MoS2 homogeneously anchored on the surface of CNP (Figure 3.4 h).[372] The
element oxygen, possibly from organic contamination and oxidized Mo atoms, was also detected. [373]
BET results showed that 2MoS2/CNT had a specific surface area of 39.7 m2 g-1 higher than that 12.2
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m2 g-1 for 2MoS2/CNP, and a good electrochemical performance is expected from the 2MoS 2/CNT
sample.

Figure 3.3 SEM images of (a) 1MoS2/PPy nanotubes, (b) 1MoS2/CNT, (c) 4MoS2/PPy nanotubes,
and (d) 4MoS2/CNT.

Figure 3.4 SEM and TEM images of PPy nanoparticles (a), CNP (b), 2MoS2/PPy nanoparticles (cd) and 2MoS2/CNP (e-g); EDS mapping (h) of 2MoS2/CNP.
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Figure 3.5 XPS spectra of N1s for (a) nanotube samples (i.e., PPy nanotubes, CNT, 2MoS2/PPy
nanotubes and 2MoS2/CNT), and (b) nanoparticles samples (i.e., PPy nanoparticles, CNP,
2MoS2/PPy nanoparticles and 2MoS2/CNP composites); XPS spectra of C1s spectra for (c) nanotube
samples and (d) nanoparticles samples.
The XPS spectra of PPy, MoS2, 2MoS2/PPy composite and their annealed products were deconvoluted to analyze their chemical structure changes before and after the annealing process. The
N1s and C1s XPS spectra of nanotube samples are shown in Figure 3.5 a and c, while those for the
nanoparticle samples are displayed in Figure 3.5 b and d. The peaks centred at 399.7 and 401 eV
in the N1s spectra (Figure 3.5 a-b) are attributed to the N-H bond and -N+ bond, respectively.[375,376]
However, the intensity of the N-H peak obviously decreased after experiencing the carbonization
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process, due to removal of most of the hydrogen atoms. There existed an obvious difference in the
N1s signals of 2MoS2/CNT and 2MoS2/CNP. The N1s signal of 2MoS2/CNT was close to that of
CNT samples, while 2MoS2/CNP displayed a similar N1s signal as the 2MoS2/PPy nanoparticles.
The incomplete carbonization of PPy nanoparticles could be the reason, which was related to the
large-size aggregates of 2MoS2/PPy nanoparticles as illustrated in the SEM image (Figure 3.4c). In
the C1s spectra (Figure 3.5 c-d), three peaks around 284.5, 285.6 and 287.8 eV could be recognized
as sp2 carbon (C-C), carbon in C-N bond and C=O bond, respectively.[169,374] The decreased intensity
of C=O peak after the annealing is attributed to the removal of oxygen atoms, indicating a
carbonization process.[374]

Figure 3.6 XPS spectra of (a) Mo3d and (b) S2p for MoS2, 2MoS2/PPy composites and their
annealed products.
The Mo3d and S2p XPS spectra of all samples are shown in Figure 3.6. As for the Mo3d spectrum,
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four typical peaks referring to Mo 6+, Mo 3d3/2, Mo 3d5/2 and S2s peaks could be found (Figure 3.6
a).[187,377] The Mo6+ peak comes from a small portion of oxidized Mo atoms, while the Mo 3d3/2 and
Mo 3d5/2 peaks match well with Mo4+ in MoS2.[378] The S2p spectrum showed two peaks around
163.4 eV and 162.1 eV (Figure 3.6 b), which are ascribed to S2p1/2 and S2p3/2, respectively.[365] The
XPS spectra of Mo3d and S2p showed no obvious differences before and after the annealing process,
evidencing the thermal stability of MoS2.
Raman spectra were recorded to characterize the structure of samples. Two prominent peaks were
situated at ~380 and 406 cm-1 in that for MoS2, annealed MoS2, 2MoS2/PPy and 2MoS2/C
composites (Figure 3.7 a and c). They are derived from MoS2, and can be ascribed to the E12g mode
related with the opposite vibrations of two S atoms versus Mo atom, and A1g mode corresponding
to the out-of-plane symmetric displacements of S atoms along the c-axis, respectively.[379,380] The
interval between those two peaks increased after the annealing, indicative of the increased layers of
MoS2 nanosheets.[381] PPy, CNT, CNP, 2MoS2/PPy and 2MoS2/C composites all displayed two
characteristic peaks of carbon at 1342.2 and 1593.1 cm-1 (Figure 3.7 b and d), corresponding to the
defective/disordered structure (D band) and first order scattering of E2g mode (G band). [140,187]

Figure 3.7 (a) Raman spectra of MoS2, annealed MoS2, 2MoS2/PPy nanotubes and 2MoS2/CNT; (b)
Raman spectra of PPy nanotubes, CNT, 2MoS2/PPy nanotubes and 2MoS2/CNT; (c) Raman spectra
of 2MoS2/PPy nanoparticles and 2MoS2/CNP; (d) Raman spectra of PPy nanoparticles, CNP,
2MoS2/PPy nanoparticles and 2MoS2/CNP.
The chemical structure was further investigated with Fourier transform infrared spectroscopy (FTIR).
A series of characteristic peaks of PPy can be identified in PPy nanotubes and PPy nanoparticles
(Figure 3.8 a-b). Specifically, the peak at 1545 cm-1 stands for pyrrole ring vibration, whereas peaks
at 1297 and 1031 cm-1 represent the =C–H in-plane vibrations, and the peak at 1165 cm-1 can be
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assigned as the C-N stretching vibrations.[382–384] The intensity of these peaks became much weaker
or even hardly to be identified for 2MoS2/PPy composites, which may be due to the coverage with
MoS2 nanosheets.[382] All the above peaks vanished in the FTIR spectra of CNT, CNP and 2MoS2/C
composites, indicating the successful transformation from PPy to nitrogen-doped carbon after the
annealing.

Figure 3.8 (a) FTIR spectra of PPy nanotubes, CNT, 2MoS2/PPy nanotubes and 2MoS2/CNT
composites; (b) FTIR spectra of PPy nanoparticles, CNP, 2MoS2/PPy nanoparticles and 2MoS2/CNP
composites; (c) TGA curves of CNT, annealed MoS2 and MoS2/CNT composites; (d) TGA curves
of CNP and 2MoS2/CNP composites.
Thermo-gravimetric analysis (TGA) was used to analyze the thermal stability and degradation of
these samples (Figure 3.8 c-d). For CNP and CNT, the weight loss over the temperature range of
300 to 500oC represents the decomposition of nitrogen-doped carbon forming carbon dioxide. The
major decomposition for annealed MoS2 started from 360 °C which was caused by the oxidation of
MoS2 to MoO3.[187,385] After heating to 700°C in air flow, the weight loss of CNP, CNT, annealed
MoS2, 2MoS2/CNP, 1MoS2/CNT, 2MoS2/CNT and 4MoS2/CNT composites was 98.5%, 98.2%,
17.6%, 37.5%, 42.4%, 37.2% and 33.5%, respectively. The residue of CNT and CNP after the TGA
test was both less than 2%, which may be ascribed to the impurities. Thus, the loading amount of
MoS2 was estimated to be 69%, 76% and 80% for 1MoS2/CNT, 2MoS2/CNT and 4MoS2/CNT
composites, respectively. It was 75% for 2MoS2/CNP, very close to the ratio of 2MoS2/CNT as
expected. The mass loading of MoS2 in the composites is different from the designated ones owing
to the removal of hydrogen and oxygen atoms during the annealing process. It is also noticed that
the content of MoS2 in 2MoS2/CNT and 4MoS2/CNT are very close despite a double amount of
Page | 87

precursor Na2MoO4 having been used in 4MoS2/CNT; which may be due to the loss of loosely bound
MoS2 clusters during the repeated rinsing process.
The crystal structure of PPy, MoS2, 2MoS2/PPy composites and their annealed products were
investigated by X-ray diffraction (Figure 3.9). The samples CNT and CNP displayed a broad
diffraction peak around 25.5o, revealing a d-spacing of 0.35 nm close to the typical d-spacing of 0.34
nm for graphite.[383] These broad diffraction peaks also demonstrate that amorphous carbon
dominated in the CNT and CNP samples.[383] The XRD peaks of MoS2 were rather broad before the
calcining process due to the low crystallinity degree formed via the hydrothermal process.[386] Those
peaks became much sharper after the annealing, which can be ascribed to the increased degree of
crystallinity.[387] The annealed MoS2 and 2MoS2/C composites displayed two peaks at 13.8° and
33.3°, coincident with the typical peaks for hexagonal-phase MoS2 (JCPDS 37-1492). However, the
peak of carbon at around 25o cannot be identified in the XRD patterns of 2MoS2/PPy or 2MoS2/C
composites, which may be explained by the observation that PPy or CNT/CNP were completely
covered by MoS2 nanosheets.[372]

Figure 3.9 XRD spectra of (a) PPy nanotubes, CNT, MoS2, annealed MoS2, 2MoS2/PPy nanotubes
and 2MoS2/CNT composites, and (b) PPy nanoparticles, CNP, 2MoS2/PPy nanoparticles and
2MoS2/CNP composites.

3.3.3

Electrochemical characterization

The first three cyclic voltammograms (CV) of MoS2/CNT composite were recorded at a scan rate of
0.2 mV s-1 (Figure 3.10 a-c). Two obvious peaks can be recognized in the first cathodic scan. The
formation process of octahedral LixMoS2 contributes to the first peak ~0.95 V, deriving from the
insertion of lithium ions into triangular prism MoS2.[187,298] The large peak at 0.5 V can be attributed
to the reduction of LixMoS2 to Mo and Li2S, and formation of a solid electrolyte interface (SEI)
layer.[140,260,298] These two peaks vanished in the following two scans indicating that the formation
of SEI layer and depletion of MoS2 in our sample is irreversible.[156,318] Namely, MoS2 was converted
into a mixture of S and Mo after the first cycle. In the following two cycles, two new reduction peaks
arose at 1.9 V and 1.1 V corresponding to the association of Li with S and Mo, respectively.[298] In
the anodic cycles, a weak and broad peak around 1.6 V and a sharp peak at 2.35 V were detected,
which can be ascribed to partial oxidation of Mo atoms and the delithiation process of Li 2S,
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respectively.[140]
The first three discharge-charge curves of 2MoS2/CNT composite were collected at a current density
of 100 mA g-1 over the potential range of 0.005 to 3 V (Figure 3.10 e). The plateaus are in good
accordance with the peaks in the CV curves. The 2MoS2/CNT composite delivered a high initial
discharge capacity of 1627 mAh g-1 and a reversible capacity of 1233 mAh g-1 with a Coulombic
efficiency of 76%. The loss of initial capacity can be attributed to formation of SEI and the trapping
of lithium ions in some defect sites or disordered structures. [187,388] This coulombic efficiency was
higher than the reported rose-like MoS2/nitrogen-containing carbon/graphene hybrids (72.8%), [359]
nitrogen-doped carbon@MoS2 nanoboxes (59.2%),[259] and MoS2/N-doped carbon on carbon
microtubes (69%),[389] indicating an easy access of electrolyte to the 2MoS2/CNT with a 3D tubular
nanostructure.

Figure 3.10 The first three cyclic voltammograms of (a) 1MoS2/CNT, (b) 2MoS2/CNT, (c)
4MoS2/CNT and (d) 2MoS2/CNP at a scan rate of 0.2 mV s-1; The first three discharge/charge curves
of (e) 2MoS2/CNT and (f) 2MoS2/CNP at a current density of 100 mA g-1 over a potential range of
0.005 to 3V.
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The influence of nanostructures on the electrochemical performance was investigated by using
2MoS2/CNP as control. As expected, this control sample displayed very similar CV (Figure 3.10 d)
and discharge-charge curves (Figure 3.10 f). However, it displayed an initial capacity of 1104 mAh
g-1 and a reversible capacity of 850 mAh g-1 (77%), much lower than that of 2MoS2/CNT. As they
had same components and contents (TGA results), the increased capacity at all current densities for
2MoS2/CNT may be attributed to the 3D tubular nanostructures with a high surface area, which
could improve the insertion and charge-transfer process due to the increased contact area between
active materials and electrolyte ions.
The rate capability of MoS2/nitrogen-doped carbon composites was investigated at five different
current densities of 0.1, 0.2, 0.5, 1 and 2 A g-1. It was found that 2MoS2/CNT possessed much higher
capacity than CNT and annealed MoS2, 1MoS2/CNT, 4MoS2/CNT and 2MoS2/CNP (Figure 3.12)
at all the applied current densities. The capacities delivered from 2MoS2/CNT were 1232, 1162,
1091, 1030, 947 mAh g-1 at a current density of 0.1, 0.2, 0.5, 1 and 2 A g-1, respectively. For
2MoS2/CNP, the capacities were only 827, 785, 655, 459, 213 mAh g-1 respectively. After the current
density was reversed to 0.1 A g-1, the capacity of 2MoS2/CNT was not just fully recovered but
increased to 1307 mAh g-1, while a decreased capacity of 738 mAh g-1 was shown for 2MoS2/CNP.
Based on our results, this better electrochemical performance of 2MoS 2/CNT should be resulted
from its 3D tubular nanostructure. The higher capacity of 2MoS2/CNT than that of CNT and
annealed MoS2 shown in Figure 3.12 also manifests the important role of MoS2 as active materials
in providing lithium storage and the CNT in improving the rate performance.

Figure 3.11 Rate capability of annealed MoS2, CNT, 2MoS2/CNP and MoS2/CNT composites.

Page | 90

Table 3.1 Electrochemical performance of 2MoS2/CNT composite prepared in this study in
comparison with the reported results for MoS2/nitrogen-doped carbon composites.

Production

Capacity (mAh g-1) /
Current density (A g-1)

Capacity (mAh g-1)/
Cycle number/Current
density (A g-1)

Ref.

2MoS2/CNT

1232/0.1, 947/2

754/1000/1

This
work

MoS2/nitrogen-containing
carbon/graphene hybrids

1183/0.1, 947/2

1093/100/0.2

[359]

N-doped carbon
nanotube@MoS2 nanosheets

1040.2/0.2, 651.2/1.6

645.8/200/1.6

[365]

C@MoS2 nanoboxes

1280/0.1, 689/2

952/200/0.4

[259]

MoS2/nitrogen-doped carbon
hybrid nanorods

1100.6/0.1, 926/2

890/100/1

[268]

MoS2/Nitrogen-Doped
Graphene Nanosheets

1021.2/0.1, 850/1

1285.3/50/0.1

[317]

Nitrogen-doped carbon@MoS2

1010/0.15, 645/1.5

1055/100/0.15

[271]

Carbon-coated MoS2/nitrogendoped graphene aerogel

980/0.2, 630/2

900/500/0.2

[186]

Nitrogen and sulfur co-doped
graphene supported MoS2

1100/0.15, 860/1.5

1010/50/0.15

[320]

MoS2-PPY-rGO

1085/0.2, 600/2

1070/400/0.2

[169]

Core-shell
C@MoS2 microspheres

690/0.1, 670/1

652/100/0.1

[270]

MoS2/C sample

1042/0.1, 511/1

888.1/50/0.1

[253]

MoS2/C hybrids

967/0.2, 353.5/1.6

400/500/1.6

[277]

MoS2/C flower-like
microspheres

911.6/0.2, 574.1/4

916.6/400/0.2

[251]

MoS2/N-doped carbon on
carbon microtubes

1090/0.2, 600/4

1058/500/0.2, 571/320/4

[389]

It is also noticed that 1MoS2/CNT showed a lower capacity than 2MoS2/CNT, which may be
ascribed to its lower content of MoS2. The 4MoS2/CNT with the highest content of MoS2 displayed
a similar capacity at low current density as 1MoS2/CNT, but even lower capacity at high current
density. This poor rate performance may be attributed to the formation of MoS 2 clusters between
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the tubular structures, which may affect the diffusion pathway for ions. The electrochemical
performance of 2MoS2/CNT is better than or comparable to most of the reported hybrid MoS 2/C
materials (Table 3.1), such as the 850 mAh g-1 at 1 A g-1 from ultrathin MoS2/nitrogen-doped
graphene nanosheets,[317] 926 mAh g-1 at 2 A g-1 from MoS2/nitrogen-doped carbon hybrid
nanorods,[268] and 645 mAh g-1 at 1.5 A g-1 from nitrogen-doped carbon embedded MoS2
microspheres.[271] It is also better than the 3D N-doped carbon nanotube@MoS2 nanosheets with
approximate contents from a similar fabrication method, [365] which delivered a capacity of 1040
mAh g-1 at 0.2 A g-1 and 651 mAh g-1 at 1.6 A g-1.
The cycling stability of 2MoS2/CNT and 2MoS2/CNP samples was evaluated at a current density of
1 A g-1 (Figure 3.13). 2MoS2/CNT showed a higher capacity over the prolonged cycling process
than annealed MoS2, CNT and 2MoS2/CNP. A discharge capacity of 754 mAh g-1 was delivered by
2MoS2/CNT composite at the 1000th cycle, much higher than the capacity of 113 mAh g-1, 298 mAh
g-1 and 257 mAh g-1 for 2MoS2/CNP, annealed MoS2 and CNT, respectively. The capacity fading
from the 1st cycle to 80th cycle may be explained by the formation of SEI layer and some lithium
trapped in defect sites; while the second capacity dropping from the 200th cycle to 350th cycle may
be caused by the loss of active material and electrolyte that occurred under such a rigorous cycling
test condition.[390] More importantly, 2MoS2/CNT displayed a coulombic efficiency of around 100%
over the whole cycling process, indicating an outstanding cycling stability.

Figure 3.12 Cycling stability of annealed MoS2, CNT, 2MoS2/CNP and 2MoS2/CNT composites.
To investigate the electrochemical impedance properties, Nyquist plots of MoS2/CNT composites
were recorded (Figure 3.14), which were fitted using an equivalent circuit model (Figure 3.14 d).
The slope of the line at low frequency represents the diffusion of electrolyte ions, and the semicircle
is related with the charge transfer resistance at the interface of electrolyte and active materials, while
the intercept at high frequency is assigned as contact resistance. [378] Parameters Rs, Rct, CPE and
Wo used in the model represent contact resistance, charge transfer resistance, constant phase element
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and Warburg impedance, respectively.[140,391] Nyquist plots of fresh battery cells (Figure 3.14 a)
showed that 4MoS2/CNT had the largest Rct of 842 Ω compared with 617 Ω for 2MoS2/CNT and
608 Ω for 1MoS2/CNT, due to the extra MoS2 clusters formed between the tubular structure. After
the cycling test, the sample 1MoS2/CNT possessed the smallest Rct value, 188 Ω compared with the
257 Ω for 2MoS2/CNT and 624 Ω for 4MoS2/CNT (Figure 3.14 b). The decreased amplitude of Rct
as the CNT content was increased in these samples further verified the important function of CNT
as conductive structural material. 1MoS2/CNT possessed the smallest Rct value in both the fresh cell
and cycled cell. However, its low MoS2 content led to a low capacity in the electrochemical tests.
Electrochemical impedance spectroscopy of the 2MoS2/CNT composite at different cycling
numbers (Figure 3.14 c) was also conducted to further characterize this sample by analyzing the
impedance changes related with the cycling test. The Rct value was 355, 301, 265 and 257 Ω at 10,
20, 50 and 100 cycles, respectively.

Figure 3.13 Nyquist plots (symbols) and fitting curves (lines) of (a) fresh MoS 2/CNT cell and (b)
MoS2/CNT cell after 100 cycles at the open circuit potential over a frequency range of 100 kHz to
10 mHz; (c) Nyquist plots (symbols) and fitting curves (lines) of 2MoS 2/CNT composite at different
cycling numbers, and (d) illustration of the equivalent circuit.

Conclusion
Tubular MoS2/CNT composites were synthesized by using a hydrothermal method with PPy
nanotubes as template coupled with a subsequent annealing process. The important role of tubular
nanostructure in improving the electrochemical performance has been demonstrated by using
MoS2/CNP with same components as control. The MoS2/CNT composite with 75% of MoS2 affords
a high capacity (1232 mAh g-1 at 0.1 A g-1), outstanding rate capability (947 mAh g-1 at 2 A g-1), and
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good cycling stability (754 mAh g-1 after 1000 cycles at 1 A g-1). This excellent electrochemical
performance may be ascribed to the large interlayer distance of MoS2, the introduced nitrogen-doped
carbon component with abundant active sites and improved conductivity, as well as the created 3D
tubular nanostructures facilitating ions transport. This work demonstrates a straightforward and
controllable method to produce 3D nanostructures with improved electrochemical performance.
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Chapter 4. Flexible Free-Standing 3D Porous MoS2-Reduced
Graphene Oxide Structure for High-Performance Lithium-Ion
Batteries

This chapter is adapted from the research article entitled “Self-assembly of flexible free-standing
3D porous MoS2-reduced graphene oxide structure for high-performance lithium-ion batteries.” by
Yunfeng Chao, Rouhollah Jalili, Yu Ge, Caiyun Wang, Tian Zheng, Kewei Shu and Gordon G.
Wallace in Advanced Functional Materials 2017, 27(22), 1700234 (DOI: 10.1002/adfm.201700234).
Adapted with permission from WILEY-VCH Ltd.
Table of Contents (TOC)

A simple, straightforward, and cost-effective method is developed to produce freestanding flexible
and porous MoS2/rGO composite films via a self-assembly strategy, by using ultra-large graphene
sheets for molecular level self-assembly of its inorganic analogue under mild conditions. This
material displays excellent electrochemical performance compared with the individual components
of neat MoS2 and graphene.
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Introduction
As shown in Chapter 3, MoS2/nitrogen-doped carbon composites with excellent electrochemical
performance have been developed as high-performance anode materials. However, they are in the
form of powders and were used in electrodes together with additives of carbon black and binder on
current collector, which are not suitable for use in flexible batteries due to the delamination problem.
This encourages us to develop MoS2-based freestanding and flexible electrodes for LIBs.
Regarding lithium storage performance, bulk MoS2 suffers from low conductivity, volume changes
and restacking problem during the repeated charge/discharge processes. Semiconducting MoS2 with
a triangular prism structure (2H-MoS2) has demonstrated poor rate capability.[111] The volume
changes encountered during cycling results in physical degradation of MoS 2 sheets leading to
capacity fading.[156] The restacking of MoS2 sheets during the charge-discharge process also leads
to poor cycling stability.[156,157] The incorporation with carbon materials can increase the
conductivity of MoS2, separate MoS2 nanosheets and form porous structures to accommodate the
volume changes, thus achieving good lithium storage performance. Among various carbon based
materials, graphene or reduced graphene oxide have been the focus due to their large specific surface
area, high conductivity, excellent processability, and robustness of the final structure. [185,392–394] The
high conductivity of graphene favors the fast transport of electrons. A 3D porous structure could be
formed with the interconnected graphene sheets, which could tolerate the volume change of MoS2
sheets and facilitate ion transport, giving rise to a greatly improved rate capability and cycling
stability.[185,186] However, the realization of an ideal MoS2/graphene structure in order to enhance
electrochemical performance, mechanical robustness to ensure durability and stability, remains
elusive. The best structure should be a 3D porous layer-by-layer structure with MoS2 sandwiched
between graphene sheets, which could effectively enhance the electron transfer between MoS 2 and
graphene sheets, prevent the aggregation and the volume changes of MoS2 sheets during the
discharge/charge processes.[395]
The large aspect ratio and excellent mechanical properties of graphene oxide sheets also allow for
the formation of freestanding, flexible MoS2-reduced graphene oxide (MG) films.[185] With no need
for addition of binders or conductive additives, dead weight and volume are eliminated. [14,16]
Fabrication methods used to date include vacuum filtration, [145,296] templating method,[335,388] and
self-assembly method.[162,186] The filtration method usually produces compact MG films, in which
MoS2 sheets are prone to restacking due to the non-intimate contact between graphene layers and
MoS2 layers.[186] The templating method usually involves a chemical vapour deposition (CVD)
process producing 3D graphene foam template, which is at low efficiency and difficult for mass
production. Self-assembly has been carried out via a hydrothermal process involving a high
temperature (180 °C for 24 h) at an elevated pressure. [186] Very recently, a free-standing MG
hydrogel has been obtained at a temperature of 80 °C, [162] yet the reducing agent thiourea was used
in the process. In addition, a slicing and a subsequent compression process were required to form
robust MG films for use.
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In this regard, liquid crystalline dispersions of graphene oxide (LCGO), a processable form of
graphene, holds great promise for a self-assembly system due to the flexibility in processing, high
unidirectional properties of the final architectures, and easy integration into complex layer-by-layer
architectures.[394] Large-size liquid crystalline graphene oxide (LCGO) nanosheets could form a
highly ordered and stable layer structure in the dispersion.[396] Both the robust liquid crystalline state
and the large aspect ratio of LCGO nanosheets could improve the mechanical properties of the
formed hydrogels/aerogels as well as enable the formation of stable hydrogels at a low-concentration.
Free-standing architectures from neat LCGO have been employed in high-performance energy
storage devices due to their large specific surface area, high conductivity, excellent processability,
and the robustness of the final structure.[397,398]
In the present work, it is demonstrated that the key to producing such an ideal structure is the ability
of ultra-large GO sheets to support formation of lyotropic LC phase in the presence of MoS2 in order
to create a dispersion suitable for subsequent composite formation. This approach enables the
exploitation of the LC order of GO sheets to organize and align 2D MoS 2 in between GO sheets.
This work has developed a simple, straightforward, and cost-effective method to fabricate selfassembled, layer-by-layer, free-standing porous MG hydrogels from the mixed dispersion of MoS 2
and LCGO. Heating at 70 °C (overnight at 1 atm), followed by a freeze-drying process resulted in
an electroactive, porous, flexible film that was used directly as an electrode. The structure displayed
excellent electrochemical properties as a lithium-ion battery anode: a high discharge capacity of 800
mAh g-1 at a current density of 100 mA g-1 and an excellent cycling stability with no capacity drop
after 500 cycles at a current density of 400 mA g-1.

Experimental
4.2.1

Fabrication of exfoliated MoS2 dispersion

Exfoliated MoS2 dispersion was synthesized by a lithium-intercalation process.[399] Briefly, 1 g of
molybdenum disulfide (99%) in a round-bottom flask was dried in an oven at 120 °C for 2 h. Under
the protection of argon, 10 mL of n-butyllithium (n-Bu-Li, 2.5 M in hexanes) was injected into the
flask and stirred for 48 h, forming LixMoS2. The resultant dispersion was sonicated for 1 h, followed
by slow addition of Milli-Q water (100 mL), producing exfoliated MoS2 sheets. The chemical
reactions involved are as follows:[136,291]
n−BuLi

MoS2 →

H2 O

LixMoS2 →

MoS2 (monolayer sheets) + LiOH + H2

4-1

This dispersion was dialyzed in water for more than 1 week to remove the residual chemicals. The
MoS2 dispersion needed to be sonicated for 1 hour prior to its use.

4.2.2

Fabrication of MG aerogels/films

LCGO dispersion was prepared according to the procedures described in Chapter 2. The MoS 2 and
LCGO dispersion with the same concentration (2 mg mL-1) was mixed by a vortex mixer for 10 min
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in a vial. A MG hydrogel was formed in the vial after heating at 70 °C in an oven overnight. When
the mixed dispersion was transferred into a glass petri dish with an acrylic plate cover, a film-like
MoS2/LCGO hydrogel was formed at the same conditions. This film was rinsed with distilled water
for 3 times, followed by a freeze-drying process, forming porous MoS2/LCGO film. The total weight
of MoS2 and LCGO in the dispersion was kept constant. The film formed was named according to
the percentage of MoS2. The film produced with equal amount of MoS2 dispersion and LCGO
dispersion (8 mL each) was labeled as MG50 film, while the one from 12 mL of MoS2 and 4 mL of
LCGO was designated as MG75 film. No free-standing MG films could be formed if the amount of
LCGO was further reduced. As control samples, pure LCGO and MoS 2 films were prepared by
filtering their dispersions and processing under the same conditions as that for MG film. The LCGO
film was freeze-dried, while MoS2 film was dried in an oven at 60 °C due to its poor mechanical
properties.

4.2.3

Material Characterizations

All material characterizations were completed by the methods introduced in Chapter 2, including
atomic force microscopy (AFM), scanning electron microscopy (SEM), transmission electron
microscopy (TEM), energy-dispersive X-ray spectroscopy (EDS), polarized optical microscopy
(POM), X-ray photoelectron spectroscopy (XPS), Raman and thermo-gravimetric analysis (TGA).
EDS images in this work were acquired using a JEOL JSM7500.

4.2.4

Electrochemical Measurement

All the electrochemical measurements were performed according to the procedures presented in
Chapter 2. In detail, MG films were dried in a vacuum oven at 60 °C overnight before assembling
into a LR 2032 coin cell with a lithium foil as counter and reference electrode in an argon-filled
glove-box. Cyclic voltammograms (CV) were recorded using a Solartron SI 1287 electrochemical
system at a scan rate of 0.2 mV s-1 over a potential range of 0.01 to 3 V (vs. Li/Li+). Galvanostatic
charge/discharge tests were carried out between 0.005 and 3 V (vs Li/Li +) using a LAND CT2001A
battery test system (Wuhan Jinnuo Electronics Co. Ltd.). EIS was measured using a Gamry EIS
3000 system over the frequency range of 100 kHz to 0.01 Hz with an AC perturbation of 10 mV.

Results and Discussion
4.3.1

Characterization of LCGO and MoS2

The aspect ratio (D/t) of LCGO sheets was estimated by dividing the average lateral size of the
sheets (D) from SEM to the average sheet thickness (t) from atomic force microscopy (AFM). Ultralarge giant LCGO sheets were formed in the dispersion from exfoliated thermally expanded graphite
(EG) (Figure 4.1 a). The LCGO sheets with a large size of several micrometers are readily folded,
as evidenced by the wrinkles observed, and provided a large surface area and aspect ratio with
excellent flexibility.[285] The thickness of a single-layer LCGO sheet is about 0.9 nm (Figure 4.1 b),
higher than the theoretical thickness of graphene (0.34 nm) due to the presence of oxygen-containing
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groups giving rise to this discrepancy.[185,285] Such exceptionally high aspect ratio (D/t in the range
of 50 000) and flexibility of ultra-large sheets of LCGO provide a unique environment for matrixguided molecular level self-assembly of nanomaterials.[400,401] In contrast, MoS2 sheets displayed a
much smaller lateral size within tens of nanometers and lower aspect ratio (Figure 4.1 c), which
may be the reason for poor mechanical properties of the filtered MoS 2 film. The thickness of MoS2
sheets is about 1 nm (Figure 4.1 d), which is in accordance with the reported thickness for one
single layer MoS2 sheet, suggesting the successful exfoliation of MoS2 powders in this work.[118,130]
High resolution transmission electron microscopy (TEM) images of LCGO and MoS2 sheets (Figure
4.1 e-f) were also collected, in which single-layer LCGO and MoS2 sheets were revealed.

Figure 4.1 AFM images and height profiles of (a, c) exfoliated LCGO and (b, d) MoS2 sheets. High
resolution TEM images of (e) exfoliated LCGO and (f) MoS 2 sheets.
Figure 4.2 shows the cross-polarized optical microscope (POM) micrographs of different
dispersions. MoS2 dispersion with MoS2 nanosheets in random orientations was isotropic, which
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showed a dark image with no patterns in the POM image. As for the LCGO dispersion, LCGO
nanosheets were paralleled with each other forming anisotropic liquid crystal. The occurring of
birefringence in LCGO dispersion allows the pass of light showing bright regions (patterns) in the
POM image. A parallel orientation in nanosheets is the foundation for the formation of liquid
crystal.[396] Large areas of uniform orientation with random defects were observed in mixed
LCGO/MoS2 dispersion (Figure 4.2c), indicating full orientation of large LC domains. The high
aspect ratio and the resultant large excluded volume of ultra-large GO sheets resulted in a very robust
LC phase,[402,403] which was found to accommodate significant amounts of MoS2 (75% by weight),
while still maintaining LC order. This suggests that small-size 2D MoS2 nanosheets are sandwiched
between large LCGO sheets, forming an ordered layer-by-layer structure as shown in the schematic
of Figure 4.2 d. This layer-by-layer structure was observed in transition electron detector images
(Figure 4.2 e, f). Comparing images of MoS2/LCGO and LCGO, it is evident that MoS2 sheets were
anchored on the surface of LCGO and embedded between large GO sheets forming an ordered layerby-layer structure. By controlling the ratio and concentration of components in the dispersion, it was
possible to control the self-assembly process to achieve a 2D MoS2 distributed throughout and
between LCGO sheets as a secondary material.

Figure 4.2 POM images of (a) LCGO dispersion, (b) MoS2 dispersion, and (c) mixed MoS2/LCGO
dispersion. (d) Schematic structure of those three dispersions. Transition electron detector (TED)
images of (e) LCGO and (f) MoS2/LCGO.

4.3.2

Fabrication of MG films

Formation of such self-assembled layer-by-layer structures in the liquid phase facilitates processing
into practically useful structures. The superior aspect ratio of ultra-large LCGO sheets compared to
2D MoS2 sheets not only facilitates instantaneous self-assembly on the nanoscale level but also
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allows the entire architecture to remain stable in the liquid crystalline state for any subsequent
process. Preserving this self-assembled structure was fundamental to the formation of the MG
hydrogel. A graphical representation of the gelation process and the freestanding electrodes
fabricated are provided in Figure 4.3 a. The gelation process occurred in the mixed MoS2/LCGO
dispersion at 70 °C and 1 atm overnight forming MG composites hydrogel. This type of hydrogel
could also be formed at room temperature, but after at least 15 days. At the same conditions (70 °C
and 1 atm overnight), no such gelation occurred in pure LCGO dispersion, while sedimentation was
observed in pure MoS2 dispersion, as shown in Figure 4.3 c.

Figure 4.3 (a) Schematic procedure to fabricate MG composite hydrogels, (b) photos of the freezedried MG films and flexibility demonstration of MG75 film; (c) control tests showing LCGO
dispersion and MoS2 dispersion after heating at 70 °C overnight.
The understanding of self-assembly processes that occur in formation of a layer-by-layer structure
gives insights into the structure obtained. Repulsive interactions among charged GO sheets result in
configurationally entropy-driven excluded volume effects. Above a critical concentration, the GO
sheets orientate parallel to each other in order to minimize the volume excluded from the center-ofmass of the approaching sheet favoring LC phase. [285,402] The formation of LC phase is correlated
with the aspect ratio of graphene sheets as shown in the following Equation 4-2.
Φ=

3
8

t 1+σ2

√3 D 1+3σ2 ρD3

4-2

Where D3 is a dimensionless number density for the isotropic to biphasic and subsequently biphasic
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to nematic transition concentrations; t, D, σ and ρ are sheet thickness, average GO lateral size,
polydispersity and density, respectively. The concentration (Φ) of 2D platelets for the transition
between isotropic to nematic phase decreases as the aspect ratio of LCGO nanosheets increase. [285,399]
Taking the LCGO sheets with a high aspect ratio of 50, 000 as an example, the LC phase is formed
at a very low concentration of 0.1 mg mL-1.
The mixed MoS2 and LCGO dispersion was transferred into a glass petri dish (mould), and a filmlike MG hydrogel was formed. The size of the hydrogel was dictated by the ratio of the LCGO to
MoS2. Larger volume hydrogels can be obtained by using higher amounts of LCGO. As shown in
Figure 4.3 b, MG50 aerogel film from a weight ratio of 1:1 between MoS 2 and LCGO displayed a
diameter of about 3.4 cm, larger than the 2.9 cm for MG75 film prepared with a MoS2/LCGO ratio
of 3:1, indicating the supporting role of LCGO. The dimensions of the formed hydrogel films are
determined by the mould size and the dispersion precursor content. After a freeze-drying process,
flexible MG films were obtained (Figure 4.3 b).
As reported, MoS2 sheets may anchor on the surface of LCGO sheets due to the electrostatic
interactions between the functional oxygen-containing groups on LCGO and positively charged
areas on the MoS2 sheet.[291] This process would also reduce the repulsive force between large LCGO
sheets, facilitating hydrogel formation. Heat treatment (70 °C) enhanced the interactions between
LCGO and MoS2 sheets as well as dehydration facilitating gel formation.

4.3.3

Morphology and structural analysis of MG films

Figure 4.4 XPS C1s spectra of (a) LCGO aerogel, (b) LCGO film prepared by filtering LCGO
dispersion, (c) MG50 film and (d) MG75 film.
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.The X-ray photoelectron spectroscopy (XPS) spectra of LCGO samples and MG75 films were
deconvoluted to analyze the chemical structure changes (Figure 4.4).[371] In the C1s spectra of
LCGO films, four peaks centered at 284.7, 285.6, 286.7, and 288.3 eV could be observed (Figure
4.4 a), and are attributed to the sp2 carbon (C-C), sp3 carbon (C=C), carbon in C-O bond and C=O
bond, respectively.[155] These peaks were also observed for the LCGO film prepared by filtering
LCGO dispersion (Figure 4.4 b). However, the intensity of C-O and C=O peaks for MG50 and
MG75 films (Figure 4.4 c-d) decreased dramatically, and MG75 with a higher MoS2 content
displayed the lowest intensity. The atomic ratio of carbon to oxygen (C/O) increased from 2.6 for
the LCGO film to 3.43 for the MG50 film, and 5.22 for the MG75 film, suggesting a decreased
oxygen content in MG films as the increase of MoS2 content. These results clearly demonstrate that
reduction of LCGO to form reduced graphene oxide (rGO) occurred, and that MoS2 played an
important role in this.

Figure 4.5 XPS Mo3d spectra of the (a) MG75 film, (b) MoS2 and (c) MG50 film; XPS C1s (d) and
Mo3d (e) spectra of MG75 aerogel prepared by standing in ambient atmosphere for 15 days; (f)
XRD spectra of LCGO, MoS2 and MG75 films.
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In the Mo3d spectra of MG75 films (Figure 4.5 a), four peaks referring to Mo6+, Mo 3d3/2, Mo 3d5/2
and S2s peaks can be found.[273,373,404] The Mo6+ peak at 235.3eV corresponding to Mo-O can be
ascribed to the oxidation of a small portion of Mo atoms. [373] The Mo 3d3/2 and Mo 3d5/2 peaks
representing Mo4+ in MoS2 could be further fitted into two peak doublets. The doublet at 232.8 and
229.4 eV is assigned to a 2H phase, while those at lower binding energies (231.8 and 228.6 eV)
match with 1T-MoS2.[273,373,404] Clearly all the Mo3d XPS spectra (Figure 4.5 a-c) demonstrate the
domination of 1T-MoS2 in both MoS2 and MG films. Not surprisingly, the MG75 film prepared at
room temperature after about 15 d displayed very similar XPS spectra (Figure 4.5 d-e). LCGO
showed a peak at 10.5° typical for graphene oxide materials in the XRD pattern (Figure 4.5 f). MoS2
displayed the peaks at 9.5° and 15.5° that can be indexed as expanded (002) and (004) planes of
MoS2 as previously reported.[404] A new broad peak at 23° appeared for the MG75 film, and this can
be attributed to the (002) plane of rGO.
MG and MoS2 films all displayed two characteristic peaks in the Raman spectra (Figure 4.6 a): E12g
(380 cm-1) and A1g (405 cm-1). The E12g derives from the symmetric vibration of S atoms opposite
to Mo atom within the S–Mo–S layer, while the A1g peak is related to the out-of-plane vibration of
two S atoms in the opposite directions.[373] The appearance of D band at 1342.2 cm-1 and G band at
1593.1 cm-1 indicates the coexistence of sp2 2D graphite carbon, and sp3 defective and disordered
carbon in the contained rGO. They are attributed to the breathing mode of A 1g symmetry (D band)
and first-order scattering of E2g phonons (G band), respectively.[185,405] The intensity ratio of D band
to G band (Id/Ig) was slightly increased from 1.18 for LCGO film to 1.27 for MG50 film, which
could be explained by the increased number of sp 2 domains upon reduction.[373,406] while a drop of
Id/Ig to 1.024 for MG75 film is attributed to a further reduction of sp 3 to sp2.[407]

Figure 4.6 (a) Raman spectra and (b) TGA curves of MG, LCGO, and MoS2 films.
The thermal degradation of MoS2, LCGO and composite films was compared using thermogravimetric analysis (TGA) (Figure 4.6 b). For LCGO, two typical weight loss stages were observed:
removal of functional oxygen-containing groups on LCGO nanosheets over the range of 180-210 °C,
LCGO decomposition forming carbon dioxide beyond 530 °C. [408] For pure MoS2 film, the major
decomposition started from 450 °C that was caused by the oxidation of MoS 2 to MoO3.[273,385] After
heating to 600 °C, the weight losses were 100%, 29%, 67%, and 50% for LCGO, MoS 2, MG50, and
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MG75 films, respectively. The loading amounts of MoS2 were estimated to be 70.4% and 46.5% for
MG75 film and MG50 film, which are in good agreement with the initial ratios.

Figure 4.7 Cross-sectional SEM images of (a) MG50 film and (b) MG75 film. Surface morphology
of (c) MG75 film; (d) area used for the element mapping and the EDS mapping of elements (e) C,
(f) O, (g) Mo, and (h) S.
The final 3D architectures of these samples were investigated with field emission scanning electron
microscopy (FE-SEM) (Figure 4.7 a-c). Both MG50 and MG75 films displayed a uniformly
interconnected 3D porous structure with a pore size of several micrometers, as revealed by their
cross-sectional view and surface morphology. The elements distribution in the representative MG75
film was investigated. The uniform distribution of C, O, Mo, and S elements (Figure 4.7 e-h)
verifies the formation of a hybrid structure. [291] They also indicate that 2D MoS2 sheets were
homogeneously distributed both on the surface and in-between the LCGO sheets, bridging them
together and thus creating a highly conductive 3D network architecture. Such an ordered porous
structure was associated with the nematic liquid crystalline phase formed in the mixed MoS 2/LCGO
dispersion induced by large-size LCGO nanosheets.[394,402] The formed ordered structure was
retained during the freeze-drying process. Moreover, the introduction of 2D MoS2 between graphene
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sheets prevented agglomeration, leaving sufficient space for electrolyte penetration and potentially
resulting in high performance.
The cross-sectional SEM images of LCGO and MoS2 films are shown in Figure 4.8. The filtered
LCGO film after freeze-drying presented a 3D porous structure with interconnected nanosheets. On
the contrary, pure MoS2 film prepared via vacuum filtration was too brittle to handle, which can be
ascribed to the small size of MoS2 sheets and the weak Van der Waals forces in-between. Thus, pure
MoS2 film was dried in a vacuum oven instead of freeze-drying to keep its integrity. The compact
layer structure displayed in its cross-sectional SEM image was possibly resulted from the restacking
and re-arrangement of 2D nanosheets during the fabrication processes.

Figure 4.8 Cross-sectional SEM images of MoS2 film (a) and LCGO aerogel film (b).

4.3.4

Electrochemical performance of MG films

The first cathodic cyclic voltammetry (CV) scan of a MG75 film (Figure 4.9 a) displayed four peaks.
The broad peak around 1.75 V can be attributed to the reduction of oxygen-containing functional
groups remaining on the reduced graphene oxide sheets, in accordance with the large peak at 1.55
V observed in the first discharge curve of LCGO film (Figure 4.9 e).[409] The small cathodic peak
at about 0.95 V can be attributed to the intercalation of lithium ions into the triangular prism structure
of MoS2, forming LixMoS2 with an octahedral structure.[155,277] The smaller peak at 0.65 V
corresponds to the formation of a solid electrolyte interface (SEI), [410] while the peak at 0.40 V
represents the reduction of LixMoS2 based on the conversion reaction:[155,307]
LixMoS2 + (4-x) Li+ + (4-x) e- → Mo + 2Li2S

4-3

All four peaks disappeared in the following cycles, and two new reduction peaks at 1.80 V and 1.0
V appeared, and they can be attributed to formation of Li 2S and LixMoS2 according to:[277,307]
2Li+ + S + 2e- → Li2S

4-4

MoS2 + x Li+ + x e- → LixMoS2

4-5

During the charging process, there is a broad anodic peak centered at about 1.55 V and a peak at
2.40 V, which could be assigned to the partial oxidation of Mo atoms and the delithiation process of
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Li2S:[155]
Li2S → 2Li+ + S + 2e-

4-6

These two peaks were in accordance with the peaks for MoS2 film (Figure 4.9 c), providing further
evidence of their origin. The almost over-lapped CV curves at the second and third scans indicates
good reversibility.[335]

Figure 4.9 The first three cyclic voltammograms of (a) MG75 film, (c) MoS2 and (e) LCGO film at
a scan rate of 0.2 mV s-1; The first three discharge/charge curves of (b) MG75 film, (d) MoS 2 and
(f) LCGO film at a current density of 100 mA g-1 over a potential range of 0.005 to 3V.
The first three discharge–charge curves of MG75, MoS2, and LCGO films at a current density of
100 mA g-1 were recorded (Figure 4.9 b, d and f). The plateaus were inconspicuous for MG75 film
in the first discharge process, which is in accordance with those four weak peaks in the first CV scan.
Both MG75 and MoS2 films displayed two obvious plateaus in the following cycles, which matched
well with those two strong peaks in the CV curves. The plateau at ~2.40 V during charging and that
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at 1.80 V during discharging represent the formation and delithiation process of Li2S, respectively.
MG75 film delivered an initial capacity of 984 mAh g-1 and a high reversible capacity of 786 mAh
g-1. The irreversible capacity in the first cycle may be attributed to the formation of SEI, reduction
of the residual oxygen-containing functional groups on graphene sheets, and some lithium trapped
in defect sites.[307,388][411] In contrast, pure MoS2 film had a slightly lower initial discharge capacity
of 875 mAh g-1 but a much lower reversible capacity of 631.5 mAh g-1. The initial Coulombic
efficiency of MG75 film was 80%, much higher than that for MG50 (72%), LCGO (49%), and MoS 2
film (72%). The lower initial Coulombic efficiency from MG50 and LCGO films compared with
MG75 film might be attributed to their high content of partly reduced LCGO, which contributed to
the high irreversible capacity from their reduction in the first cycle. For the MoS 2 film, its lower
initial Coulombic efficiency than that for MG75 film may be caused by the loss of MoS 2, resulting
from the structural failure in the brittle and compact MoS2 film during the discharge process.
The MG75 film delivered a much higher capacity at all the applied current densities investigated
(from 100 mA g-1 to 1 A g-1), compared to MG50, MoS2, and LCGO films (Figure 4.10 a). The
capacities were 799, 658, 526, 401, and 350 mAh g-1 at a current density of 100, 200, 400, 800, and
1000 mA g-1, respectively. In contrast, the MoS2 film respectively delivered much lower capacities
of 508, 356, 189, 95, and 75.4 mAh g -1; even lower capacities of 160, 127, 95, 67, and 59 mAh g -1
were delivered from the LCGO film respectively. This MG75 film displayed a slightly higher
capacity at 100 mA g-1 than that reported 786 mAh g-1 for rGO@MoS2 nanocomposites[373], and 650
mAh g-1 for MoS2/C composites.[412] Using a higher current density (1 A g-1), the difference in
performance over previous work was enhanced; it delivered a much higher capacity of 350 mAh g 1

in sharp contrast to that 158 mAh g-1,[373] and 260 mAh g-1[412] previously reported. The MG75

electrode delivered a capacity of 745 mAh g-1 when the current was reverted to 100 mA g-1, very
close to its initial capacity of 799 mAh g-1, confirming good reversibility.[343] In contrast, the MoS2
electrode delivered a capacity of 400 mAh g-1, only 79% of the initial capacity. All these results
clearly demonstrate the excellent rate capability of the MG75 electrode. Graphene sheets act as a
highly conducting pathway for electron movement, but more importantly, the layer-by-layer
structure formed by MoS2 and graphene inhibits restacking, thus increasing the effective surface
area and number of ion exchange channels for the electrochemical reactions.
The cycling stability of these electrodes (Figure 4.10 b) was evaluated at a current density of 400
mA g-1. MG75 film only showed a slight discharge capacity drop from 400 to 357.4 mAh g -1 after
the first 35 cycles, but increased gradually to 450 mAh g-1 over 500 cycles. A similar trend was also
found for LCGO film, the capacity increased from 90 to 125 mAh g-1 over 500 cycles. The reduction
of GO in both LCGO and MG75 films may be responsible for their increasing capacity during the
cycling test, which enhanced the conductivity and promoted the electron transfer. In contrast, the
MoS2 electrode has an obvious capacity decrease from 250 to only 150 mAh g-1 over 500 cycles,
probably due to the deconstruction of MoS2 nanosheets and the shuttle effect of polysulfides.[153,413]
The Coulombic efficiency of MG75 reached 98% in the third cycle and stabilized between 98%–
100% until the 500th cycle, illustrating its high Coulombic efficiency and cycling stability. These
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excellent electrochemical properties may be derived from the synergistic effects between MoS2 and
rGO nanosheets. First, the introduction of conductive rGO increased the conductivity of MG75 film
enhancing the rate capability. The robust rGO nanosheets could effectively tolerate the volume
change and prevent the restacking of MoS 2 nanosheets during cycling, improving the cycling
performance in keeping with that reported for MoSe2/graphene foam composites.[414] The 3D porous
structure also increased the interface between electrolyte and electrode materials facilitating ion
diffusion for high capacity and good rate capability.

Figure 4.10 (a) Rate capability of MG, LCGO, and MoS2 films. (b) Cycling stability of LCGO,
MG75, and MoS2 films at a current density of 400 mA g-1 (labels: solid for capacity; hollow for
coulombic efficiency).
On top of that, over-prolonged cycling results in the ordered stack of ultra-large graphene sheets
pushing the small 2D MoS2 sheets to rearrange themselves to achieve higher level of orders. [402] In
other words, in the ordered composite containing ultra-large GO sheets and much smaller 2D MoS2
sheets, the bigger sheets generate a driving force for smaller sheets to undergo entropic
rearrangement to form long range ordering. The presence of ultra-large sheets in the system
investigated in this work, therefore, limited the movement of small 2D MoS2 sheets and pushed them
toward higher level of ordering over the contraction and expansion (cycling) processes. This resulted
in gradual introduction of new microchannels for electrolyte ions and contributed to a higher
intercalation of lithium ions. This phenomenon is unique in our system and resulted in an increased
capacity over prolonged cycling rather than a decrease. Table 4.1 compares the cycling stability of
MG75 film in this study against previous reports on the state-of-the-art MG composites. A capacity
fade could be observed in almost all the reports, even for those subjected to a low number of 80
cycles. The close to perfect layer-by-layer structure presented here overcomes this challenge by
utilizing soft self-assembly fabrication route along with high mechanical stability of ultra-large
graphene sheets. Such high performances and excellent cycle stability, in conjunction with ease of
preparation, make these architectures ideal candidates for applications as flexible anode material in
LIBs.
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Table 4.1 Cycling stability of MG75 film prepared in this study in comparison with the reported
results for MG composites

Production

Retention
ratio (%)

Cycle
number

Current
density/A g-1

Ref.

MG75 film

112.5

500

0.4

This
work

MoS2/Graphene paper

91.1

100

0.1

[343]

Honeycomb-like
MoS2@Graphene foam

85.8

60

0.2

[335]

Few-layer MoS2-anchored
graphene paper

101.1

700

0.5

[415]

Free-standing MoS2/graphene
hybrid film

94.2

500

0.5

[296]

N-doped graphene-MoS2 film

96

200

0.1

[319]

MoS2/graphene nanocomposite

91.1

200

0.1

[136]

MoS2@graphene foam/CNT
hybrid films

81.3

120

0.2

[388]

MoS2-Graphene hybrid
nanosheets

99

200

0.2

[168]

MoS2/graphene composite

78

80

0.1

[325]

MoS2/rGO composites

96.3

250

1

[416]

Few-Layered MoS2/S-doped
Graphene

92.6

300

0.1

[318]

Nanotile-likeMoS2/Graphene
hybrid

91.6

220

0.1

[312]

The Nyquist plots of MG75, MoS2, and LCGO films were acquired (Figure 4.11) after the rate
capability and cycling stability test, and fitted using an equivalent circuit model (Figure 4.11 d).
The slope of the line at low frequency is related to Li+ diffusion into electrode materials, while the
semicircle at high frequency region indicates the contact resistance and charge transfer resistance at
the interface between electrode and electrolyte. In the equivalent circuit, R s, Rct, CPE, and Zw
represent contact resistance, charge transfer resistance, constant phase element, and Warburg
impedance, respectively.[391] The Rct of LCGO film decreased from 255 to 142 Ω after the cycling
test, which can be ascribed to the deep reduction of LCGO during cycling. These results provide
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evidence for the increased capacity demonstrated in the cycling stability test. The R ct of MoS2 film
increased from 212 to 241 Ω, which may be attributed to the restacking of MoS 2 nanosheets. This
also explained its poor rate capability and cycling performance. [153] Not surprisingly, the MG75 film
possesses the lowest charge transfer resistance (148 Ω), which can be attributed to the doping of
conductive rGO. After the cycling test, Rct of MG75 film had further dropped to 135 Ω, illustrating
the deep reduction of rGO and introduction of new micro channels. It also indicates that no
restacking problems occurred in MG75 film due to the introduction of rGO nanosheets and the stable
3D porous structure constructed.

Figure 4.11 Nyquist plots (symbols) and simulation curves (lines) of (a) LCGO, (b) MoS 2, and (c)
MG75 films at the open circuit potential over the frequency range of 100 kHz to 10 mHz; (d) an
equivalent circuit used to fit the Nyquist plots.

Conclusion
A self-assembled, flexible, free-standing MoS2-reduced graphene oxide composite film with a 3D
porous structure was fabricated, employing a novel yet facile soft self-assembly fabrication route.
The MG hydrogel can be formed from a mixed dispersion of MoS 2 and graphene oxide nanosheets.
A birefringent lyotropic LC behaviour is observed in this mixed dispersion, evidence of an ordered
self-assembly structure which is fundamental to the MG hydrogel formation. The approach is readily
scalable and cost effective and can be used to produce flexible 3D electrodes. This MG electrode
demonstrated a greatly enhanced performance, including high capacity, good rate capability, and
cycling stability, compared to LCGO and MoS2 films. Such enhancement can be ascribed to the
synergistic effect between these two components and gradual perfection of the ordered structure. It
is also clear that this method developed here can be easily expanded for mass production. This work
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may provide a new avenue for the development of 3D porous flexible composite electrode materials
with high performance using the unique LCGO.
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Chapter 5. Scalable Solution Processing MoS2 Powders with
Liquid Crystalline Graphene Oxide for Flexible Freestanding
Films with High Areal Lithium Storage Capacity

This chapter is adapted from the research article entitled “Scalable solution processing MoS2
Powders with liquid crystalline graphene oxide for flexible freestanding films with high areal lithium
storage capacity” by Yunfeng Chao, Kezhong Wang, Rouhollah Jalili, Alexander Morlando,
Chunyan Qin, Amruthalakshmi Vijayakumar, Caiyun Wang, and Gordon G. Wallace in ACS
Applied Materials & Interfaces, 2019, 11 (50), 46746-46755 (DOI: 10.1021/acsami.9b15371).
Adapted with permission from ACS publications.
Table of contents (TOC)

This work demonstrates the capability of liquid crystalline graphene oxide nanosheets to host largesize MoS2 powders forming a layer-by-layer structure in their dispersion, which produces
freestanding, flexible and porous MoS2/rGO composite films with high areal mass via a facial
hydrothermal process. The obtained film with an areal mass of 8.2 mg cm -2 displays both good
gravimetric and areal electrochemical performance.
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Introduction
The ever-increasing demand for wearable and flexible devices inspire us to fabricate robust,
freestanding, and flexible electrodes that can be easily manufactured into various shapes while
avoiding excessive use of costly additives and metal substrates. [16,140,343] Therefore, practical
production of freestanding and flexible electrodes for LIBs has become a major research focus.
However, flexibility and performance of the state-of-the-art MoS2-based freestanding electrodes are
still far from satisfactory. The non-dispersible nature of MoS2 powders means that they are not
amenable to conventional solution processing. Therefore, they are commonly mixed with conductive
additives, binders, and polymers before deposition on a metal foil used for both mechanical support
and as a current collector. The drawbacks with this approach are dead weight/volume of additives,
inhomogeneous blending leading to poor charge storage performance, and high production cost and
low durability due to delamination during charge-discharge cycling. Freestanding MoS2-based
electrode composites made of MoS2/Ni3S2/Ni foam,[415] MoS2/graphene foam,[335] and pressed
MoS2/nitrogen-doped graphene

[186]

are mostly rigid and cannot tolerate deformation. The most

flexible electrodes such as exfoliated MoS2/graphene papers (∼4 mg cm-2)[296] and this author’s
previously reported self-assembled exfoliated MoS2/graphene structures (∼1.5 mg cm-2)[187] still
cannot achieve high areal mass electrodes. This inherent limitation in MoS2 loading is due to limited
concentrations attainable in processable dispersions. Therefore, the holy grail is integration of nonexfoliated MoS2 powder into freestanding electrodes to achieve a commercially acceptable level of
areal mass (∼10 mg cm-2).[351]
This requires a versatile scaffolding material to assume the combination of appropriate mechanical
and electrochemical properties. Aqueous dispersions of graphene derivatives including graphene
oxide and graphene nanoplatelets are suitable for production of flexible and mechanically strong
composites for battery applications.[162,346] For instance, graphene oxide sheets with rich functional
groups can interact with various nanomaterials to form stable dispersions enabling the fabrication
of freestanding films that include carbon nanotubes, [417,418] PPy nanoparticles,[371] LiFeO4 (50 nm),
and Li4Ti5O12 (< 200 nm).[419] In these nanocomposites, graphene oxide sheets provide a stable
porous network to support volume changes of the electrode during the charge/discharge cycles as
well as to improve electrons transfer, thus achieving high cycle stability and good rate
capability.[341,420] However, accommodation of a high loading of micrometer size MoS 2 particles in
such structures has to date been challenging.
The use of liquid crystalline graphene oxide (LCGO) provides a combination of properties that
enable the processing of composite materials from more concentrated dispersions. [394] The
amphiphilic property of LCGO supports the formation of a nematic phase that can generate a selforganized structure comprising consecutive layers of active and scaffold materials. [394] These robust
hierarchical architectures have active material positioned between ultra-large LCGO layers.[187,421]
This stable reversibly expandable structure can be well preserved over the reduction process to attain
high conductivity and electrochemical performance.[422,423] These qualities are magnified once ultraPage | 114

large and super flexible LCGO with exceptionally high aspect ratios (over 30,000) is used.[284,401,424]
Herein is developed a practical and low-temperature (70 °C) hydrothermal route exploiting the selfassembly properties of ultra-large LCGO to process commercially sourced MoS2 powders to
fabricate freestanding flexible MoS2/reduced graphene oxide (MSG) films with an unrivaled high
areal mass loading and performance. Commercial graphite electrodes have particle sizes in the order
of tens of micrometers (the size of STF44 from Timcal is ∼20 μm), so here similar large-size MoS2
powders (<40 μm) are used here.[425] MoS2 powders and LCGO when dispersed together form a
stable LC phase with MoS2 powders sandwiched between the giant LCGO sheets. Thus, a porous
structure is created with interconnected channels inside the MSG film facilitating fast ion diffusion
and enabling excellent electrochemical performance. The MSG film with a high mass loading of 8.2
mg cm-2 offers a high areal capacity of 5.80 mAh cm-2 (706 mAh g-1) at 0.1 A g-1, much higher than
today’s commercial lithium-ion batteries (2.5−3.5 mAh cm-2) and the majority of previously
reported MoS2/graphene composites anodes (Supporting Information Table 5.1).

Experimental
5.2.1

Preparation of MSG films

A designated amount of commercial MoS2 particles (Alfa Aser, ∼325 mesh) was added into LCGO
dispersion (2 mg mL-1, 10 mL) to get a homogeneous MSGO mixture using a vortex mixer. Then
H3PO2 (50 wt %, 1 mL) was added as reducing agent and further mixed using the vortex mixer. An
8 mL aliquot of this mixed dispersion was transferred into a glass Petri dish with a lid and heated in
an oven at 70 °C for 6 h at atmospheric pressure. The formed MSG hydrogels were rinsed with
Milli-Q water and subjected to dialysis for several days until the pH was close to 7. Finally, a freezedrying process was applied to fabricate freestanding MSG films. Pure rGO film without MoS 2
powders was also produced as a control. MSG films with high mass loading was fabricated through
the same procedures but using high-concentration LCGO dispersions (4, 6 and 8 mg mL -1) and the
corresponding amount of H3PO2 (2, 3 and 4 mL).

5.2.2

Material Characterizations

All material characterizations were completed by the methods introduced in Chapter 2, including
scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), polarized
optical microscopy (POM), X-ray photoelectron spectroscopy (XPS), Raman and thermogravimetric analysis (TGA), Brunauer-Emmett-Teller (BET) isotherm tests, tensile tests and Fourterminal (4T) conductivity tests. EDS images in this work were collected by use of a JEOL JSM7500.
Brunauer-Emmett-Teller (BET) tests were carried out by using a Tristar II 3020 gas adsorption
analyzer (Micromeritics). Nitrogen gas (N2) was used as adsorbate, and measurements were run at
liquid nitrogen temperature. Prior to measurement, samples were cut into small pieces to fit into the
analysis tube and then degassed overnight at 110 °C. EDS images in this work were acquired by
using a JEOL JSM7500.
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5.2.3

Electrochemical performance of MG films

All the electrochemical measurements were performed according to the procedures presented in
Chapter 2. In detail, all rGO and MSG films were pressed under a pressure of 10 MPa for 30 s and
cut into pieces of similar size (0.8-1 cm) before their use as working electrodes in 2032 coin cells
coupled with lithium foils electrodes. Neat MoS2 electrodes were prepared by coating a mixed slurry
in N-methyl-2-pyrrolidone (NMP) containing MoS2 particles, carbon black, and poly(vinylidene
fluoride) (PVDF) (weight ratio of 8:1:1) onto a copper foil, and then dried in a vacuum oven at 60 °C
overnight. A Solartron SI 1287 electrochemical system was applied to record cyclic voltammograms
(CV) at a scan rate of 0.2 mV s-1 over a potential range of 0.01-3.0 V (vs Li/Li+). Galvanostatic
charge/discharge tests were conducted over a potential range of 0.005-3.0 V (vs Li/Li+) using a
battery test system (Neware Electronic Co.). Specific capacity of rGO and all MSG films was
calculated on the basis of the mass of the composites. Gravimetric specific capacities were first
calculated and then converted into areal capacities using the areal mass of corresponding MSG films.
Electrochemical impedance spectra (EIS) were acquired through use of a Biologic VSP
electrochemical workstation over a frequency range of 100 kHz to 0.01 Hz with an AC perturbation
of 10 mV.

Results and discussion
5.3.1

Characterization of LCGO/MoS2 mixture

Liquid crystalline graphene oxide (LCGO) has proven to be a most useful graphene derivative when
used for the fabrication of self-assembled dispersions and composites. LCGO has been employed as
a dispersing agent to process carbon nanotubes and many other particles in water in order to produce
hybrid self-organized composites.[426] This is due to the amphiphilic properties of ultra-large GO
sheets, which makes them an ideal candidate as a water processing additive. Here, the LCGO
dispersion was mixed and homogenized with various amounts of commercial MoS2 powders to
obtain homogeneous colloidal dispersions, which were then chemically reduced with H3PO2 through
a simple hydrothermal process at 70 °C. Freestanding and flexible MSG films were obtained after
freeze-drying followed by pressing. In order to investigate the structural, mechanical and
electrochemical properties of MSG, films of different weight ratios of MoS 2 to LCGO (1:1, 2:1, and
4:1) as well as with different LCGO concentrations (2, 4, 6 and 8 mg mL -1) were produced. For
simplicity, samples and their dispersion precursors were respectively named as xMSGy and
xMSGOy, in which x was the weight ratio between MoS2 and LCGO and y was the concentration
of LCGO in precursors. For example, 2MSG6 film was made from a dispersion containing 6 mg
mL-1 LCGO and the mass ratio between MoS2 and LCGO was 2:1.
To investigate the anisotropic property of the MSGO dispersions, cross-polarized optical
microscopy (POM) was employed. Birefringence, characteristic of liquid crystals, can be easily
recognized in the POM images collected under crossed-polarizers.[394] Typically LCGO nanosheets
orientated parallel to each other form robust LC domains due to the high aspect ratio and the resultant
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large excluded volume.[424] The LCGO dispersion showed a clear anisotropy in its texture even after
the addition of MoS2 (Figure 5.1 a). After mixing with commercial MoS2 powders, POM images of
all samples still maintained large areas of uniform orientation with random defects, confirming the
presence of nematic LC order. The defects are attributed to some non-dispersed MoS2 particles on
the surface, labeled by red arrows in Figure 5.1.

Figure 5.1 Properties of dispersion containing MoS2 and LCGO. (a) Cross-polarized optical
microscope (POM) images of LCGO, and all MSGO dispersions (scale bars, 50 μm; defects labeled
by red arrows); (b) Stability of LCGO and (c-e) Stability of different 4MSGO mixtures.
The resulting MoS2/LCGO dispersions were stable for several weeks without any observable
graphene aggregation. Even though a small portion of the dispersed MoS 2 settled down, gentle
shaking was enough to redisperse the particles. The high aspect ratio of LCGO sheets along with
their amphiphilic property are the main reason for the formation of this stable LC phase.[187] MoS2
particles are layered van der Waals crystals, in which a plane of molybdenum atoms is sandwiched
by planes of sulfide ions. Bulk MoS2 powder consists of stacked monolayers, which provide a very
flat top surface that is ideal for the interaction with the LCGO sheets. The basal plane of LCGO
sheets consists of many π-conjugated aromatic domains, which in solution can strongly interact with
the flat surface of MoS2 particles. Therefore, the electrostatic interaction between MoS2 and LCGO
enhances the stability of the dispersion and drives the MoS2 particles to be accommodated in the LC
order. Interestingly, GO sheets at concentrations that do not form full LC (i.e., biphasic or isotropic)
were not able to support and sustain the MoS2 dispersion in water. For example, the 4MSGO mixture
that was made from a mixture of 0.5 mg mL -1 LCGO dispersion resulted in the precipitation of
metallic luster MoS2 powders at the bottom of the vial (Figure 5.1 c). LCGO at 0.5 mg mL-1 formed
a biphasic LC phase comprised of GO mesogens that coexisted with water pockets; the evidence for
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this bilayer formation (Figure 5.1 b).[402] When MoS2 particles were added to the biphasic LCGO,
these particles did not intercalate between the GO sheets, thus stayed non-dispersible in water. On
the other hand, when the concentration of LCGO dispersion reached 2 mg mL -1 (full LC phase),
MoS2 powders could be readily suspended while no precipitation was found even after standing for
2 weeks (Figure 5.1 d). Furthermore, MoS2 particles precipitated quickly in a small-sized, non-LC
GO dispersion even at a relatively high concentration of 2 mg mL-1 (Figure 5.1 e). This result further
indicates the important role of a robust full LC phase to sustain the stability of MSGO dispersions
in water.

5.3.2

Physical Characterization of MSG films

Figure 5.2 Schematic illustration of the fabrication process of rGO and high areal mass MSG films.
A schematic representation of the process used in the production of stable MSGO dispersions and
eventually MSG films is illustrated in Figure 5.2. In previously reported work,[187] giant LCGO
nanosheets aligned parallelly to produce LC domains, which self-organized into porous hydrogels
as the rGO nanosheets were produced through chemical reduction. In the MSGO dispersions, MoS 2
particles were sandwiched between LCGO sheets and became wrapped in the porous skeletons of
rGO nanosheets. Since MoS2 occupied the spaces between rGO nanosheets, a more compact
structure was formed in the MSG film. Further increasing the concentration of MoS 2 induced
stronger interaction between MoS2 and LCGO, thus increasing the degree of order to produce more
compact MSG films. The following SEM and Raman characterization techniques provide further
evidence.
The shape and size of the rGO and MSG films were mainly determined by the mold used and the
amount of dispersion. When the mold (glass Petri dish in this work) had a diameter of 8.5 cm, the
diameter of produced MSG films was in a range of 4.3-4.6 cm, slightly smaller than that of the rGO
film (5 cm). This may be ascribed to the electrostatic interactions between MoS2 powders and LCGO
nanosheets.[291] MSG and rGO films all showed excellent flexibility when being bent except for the
2MSG8 film with obvious cracks appearing (Figure 5.3 a). In addition, fabrication of a large-size
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2MSGO6 film in a large Petri dish (17 cm) was also done by using 2MSGO6 with the same
volumetric ratio to the mold as for small-size film. The obtained MSG films displayed a larger
diameter of 9.5 cm (Figure 5.3 b). These clearly demonstrate that the size and shape of produced
films are mainly limited by the mold used for fabrication.

Figure 5.3 (a) Digital images of rGO and MSG films and the flexibility demonstration (inset of
2MSG8 film shows the induced crack from the bending process); (b) a snapshot of 2MSG6 film
(diameter: 9.5 cm) obtained in a petri dish of 17 cm from a 30 ml 2MSGO6 mixture. (c) SEM images
of MoS2 particles; Cross-sectional SEM images of rGO (d) and MSG films (e); (scale bar in panels
d-e: 200 μm).
The rGO, 1MSG2, 2MSG2, and 4MSG2 films from dispersions containing the same amount of
LCGO displayed a similar thickness (∼700 μm, Figure 5.3 d-e). The thickness of 2MSG4, 2MSG6,
and 2MSG8 films apparently increased with the increase in LCGO content (Figure 5.3 e), further
confirming the supporting role of the rGO backbone. LCGO nanosheets were reduced and connected
forming a porous network during the hydrothermal process, as clearly shown in its SEM images in
Figure 5.4 a and c. Large-size MoS2 powders of tens of micrometers (Figure 5.3 c) could be easily
recognized on the surface and in the cross-sectional SEM images of MSG films in Figure 5.4 b and
d. They were all wrapped with wrinkled rGO nanosheets as marked by the red dashed circles. The
distribution of Mo and S elements in the EDS images of 2MSG6 film (Figure 5.4 e) also confirm
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the region of MoS2 particles.

Figure 5.4 Morphology of MSG films. Cross-sectional SEM images of rGO (a) and MSG (b) films;
Surface SEM images of rGO (c) and MSG (d) films; (scale bar in panels a-b: 20 μm, scale bar in cd: 100 μm, MoS2 particles were highlighted by red dashed circles); (e) EDS mapping images of C,
Mo and S elements for 2MSG6 film.
Interconnected pores observed in the SEM images serve to increase the surface area and facilitate
lithium-ion transport producing high electrochemical performance. The use of increased LCGO
concentrations resulted in decreased pore sizes in the 2MSG8 film, since at high concentrations the
spacing between LCGO nanosheets became smaller resulting in the formation of small pores as
depicted in Figure 5.4 d. To investigate the porous structure of rGO and MSG films, BET tests were
carried out and the collected nitrogen adsorption-desorption isotherms are shown in Figure 5.5 a-g.
All samples showed type II/III isotherm indicative of macroporous materials. This result matched
well with the acquired SEM images, in which pores were as large as tens of micrometers. The BET
surface areas were 92.1, 45.2, 52.7, 19.6, 38.9, 35.5, and 40.9 m2 g-1 for rGO, 1MSG2, 2MSG2,
4MSG2, 2MSG4, 2MSG6, and 2MSG8, respectively (Figure 5.5 h). The rGO film possessed the
highest porosity, which decreased with the increasing MoS 2 content until the ratio between MoS2
and LCGO reached 4:1. It could be deduced that MoS2 had a negative effect on the porosity of MSG
films. The increased LCGO concentration had little effect on the porosity of MSG films at the same
MoS2/LCGO ratio of 2:1, which is supported by the minimal differences shown in the BET surface
area.
The rGO film displayed a low mass loading of 0.6 mg cm-2, and this increased to 1.7, 2.6, 4.3, and
5.2 mg cm-2 for 1MSG2, 2MSG2, 4MSG2, and 2MSG4 films, respectively. It even reached 8.2 mg
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cm-2 for 2MSG6 film and 11.1 mg cm-2 for 2MSG8 film (Figure 5.6 a), close to or even higher than
that of commercial electrodes (∼10 mg cm-2).[351] Such a high areal mass is attractive for achieving
high areal capacity. The conductivity of rGO and MSG films was investigated using a four pointprobe technique (Figure 5.6 a). The increased conductivity from 75 S m-1 for rGO film to 94 S m-1
for 1MSG2 and 231 S m-1 for 2MSG2 was attributed to the decreased porosity. MoS2 powders helped
to bridge the neighbouring rGO nanosheets, accelerating the electron transfer between them.
However, this effect reached its highest in the 2MSG2 film as the increasing of intrinsically semiconductive MoS2 powders resulted in the decreased conductivity in 4MSG2 film. Interestingly, the
conductivity was constant in the composites with the same MoS2/LCGO ratios of 2:1 but increased
with the LCGO concentrations, confirming the key effect of MoS2/LCGO ratio on the conductivity.
These properties were essential for obtaining good rate capability in the MSG films with high areal
mass.

Figure 5.5 (a-g) Nitrogen adsorption-desorption isotherms of rGO and MSG films; (h) BET surface
area of rGO and MSG films.

Figure 5.6 (a) Areal mass and conductivity of rGO and MSG films; and (b) stress-strain curves of
rGO and MSG films.
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The stress-strain profiles of rGO and MSG films were acquired after pressing under 10 MPa for 30
s (Figure 5.6 b). The thicknesses of rGO, 1MSG2, 2MSG2, 4MSG2, 2MSG4, 2MSG6, and 2MSG8
films were 124, 72, 85, 97, 108, 173, and 243 μm, respectively. Comparing with the MSG films
(2MSG2, 2MSG2, and 4MSG2) containing the same amount of GO, the higher thickness of pure
rGO film could be attributed to the good structural elasticity enabled by its strong backbones. The
increased content of MoS2 may facilitate the accommodation between the sheets resulting in lower
thickness. The thickness of MSG films increased as the precursor concentration increased. For the
mechanical properties test, the fracture strength was 1.26, 2.64, 2.42, and 2.02 MPa for neat rGO,
1MSG2, 2MSG2, and 4MSG2 films respectively; which was opposite to their thicknesses.
Interestingly, the mechanical strength increased as the LCGO concentration increased in the
precursor dispersions; it was 2.42, 2.61, 2.73, and 2.84 MPa for 2MSG2, 2MSG4, 2MSG6, and
2MSG8 films, respectively. The increased concentration of LCGO precursors may be the main
reason for the increments in both thickness and fracture strength. This result further emphasizes the
key role of rGO nanosheets as robust supporting skeletons in the composite.

Figure 5.7 (a-b) XPS C1s spectra of LCGO, rGO and MSG films; (c-d) XPS Mo3d spectra of MoS2
and 2MSG6 films.
The XPS spectra of LCGO, rGO, and all MSG films were acquired to analyze the degree of reduction
of LCGO nanosheets (Figures 5.7 a-b). XPS C 1s spectra were deconvoluted into three peaks
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around 284.2, 285.8, and 287.8 eV, which could be recognized as sp 2 carbon or sp3 carbon (CC/C=C), C-O bond, and C=O bond, respectively.[404,427] The intensity of the C−O peak and C=O
peak of all MSG films decreased dramatically compared to that of LCGO. The atomic ratio of carbon
to oxygen (C/O) increased from 2.2 for LCGO to over 7.5 for all MSG films due to the removal of
oxygen functional groups; also suggesting the successful reduction of GO. The C/O ratios were 9.5,
8.5, 8.2, and 7.5 for 2MSG2, 2MSG4, 2MSG6, and 2MSG8, respectively. The descending C/O ratio
with the ascending LCGO content indicates lower reduction efficiency for LCGO at high
concentration. The peak ratio of C−C/C=C bonds in the XPS C 1s spectrum increased from 39% for
LCGO to about 66% for rGO and MSG films, which implied that the aromatic domains at the basal
plane of LCGO sheets were stable during the reduction process while the reduction of oxygencontaining functional groups created more aromatic domains. XPS Mo 3d spectra of commercial
MoS2 powders and 2MSG6 film were also acquired (Figure 5.7 c-d). They all contained similar
peaks including the Mo 3d3/2 and Mo 3d5/2 peaks resulting from the Mo4+ in MoS2, and the Mo6+-O
peak that was assigned to the partially oxidized Mo atoms on the sample surface. This result
demonstrates the stability of MoS2 during the reduction process.

Figure 5.8 Raman spectra of rGO, MoS2 and MSG films.
Distinct peaks at 374.5, 406.6, and 455.7 cm-1 were observed in the Raman spectra of MoS2 powder
and all MSG films (Figures 5.8), which respectively correspond to the E12g, A1g, and 2LA modes of
hexagonal MoS2 crystal.[140,428] Neat rGO and all MSG films showed two typical carbon peaks
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representing the coexistence of sp3 disordered carbon (D band at 1330 cm-1) and sp2 2D graphite
carbon (G band at 1587 cm-1).[429] The intensity ratio of D band to G band (Id/Ig) was 2.34 for rGO
film. It gradually decreased with the increase in areal mass of MSG films to 2.33, 2.27, 2.2, 2.15,
2.1, and 2 for 1MSG2, 2MSG2, 4MSG2, 2MSG4, 2MSG6, and 2MSG8 films, respectively. The
increased precursor concentrations as well as the interactions between LCGO and MoS 2 powders
may confine the wrinkling and folding of reduced LCGO. Thus, an ordered level of rGO nanosheets
and in-plane sp2 domains were increased, which could be the reason for the descending I d/Ig for
MSG films.

Figure 5.9 (a) XRD spectra of rGO, MoS2 and MSG films; (b) TGA curves of MoS2, rGO, 2MSG,
and 2MSG6 films.
XRD patterns were recorded to further examine the chemical structure of rGO and MSG films
(Figure 5.9 a-b). rGO and all MSG films displayed a peak around 26°, revealing the 002 planes of
reduced graphene oxide.[430] All MSG films and MoS2 powders displayed a diffraction peak at 14.5°,
which can be described as the (002) plane of 2H-MoS2 (JCPDS No. 37-1492).[431] Thermal stabilities
of MoS2 powders, rGO, and all MSG films were investigated by thermo-gravimetric analysis (TGA)
in air gas flow (Figure 5.9 c). The slight weight loss from 120 to 500 °C for rGO film was caused
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by the removal of moisture and residual functional oxygen-containing groups, and a steep weight
loss after 530 °C can be ascribed to the oxidation of rGO to CO2.[432] It was completely decomposed
at 650 °C. The weight loss for neat MoS2 powders beyond 460 °C can be attributed to the
decomposition of MoS2 to MoO3.[433] For MSG films, their MoS2 contents were calculated as 65.5%,
79.9%, 88%, 78.9%, 78.5%, and 75.1% for 1MSG2, 2MSG2, 4MSG2, 2MSG4, 2MSG6, and
2MSG8 films, respectively. These values matched well with their initial amounts in the precursors.
The decreasing MoS2 content in 2MSG2, 2MSG4, 2MSG6, and 2MSG8 films can be attributed to
the decreased reduction rate of LCGO with increased content of oxygen-containing functional
groups as illustrated by their C/O ratios from XPS tests.

5.3.3

Electrochemical characterization

Figure 5.10 Cyclic voltammograms of rGO, MoS2 and MSG films at a scan rate of 0.2 mV s-1.
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Cyclic voltammograms (CV) of rGO, MoS2 and MSG films are shown in Figure 5.10. MoS2 and
MSG electrodes all displayed two main peaks in the first cathodic scan. The peak at 0.9 V was
ascribed to the insertion of lithium ions into MoS2 forming LixMoS2.[307] The peak at 0.42 V resulted
from the reduction of LixMoS2 to Mo and Li2S, as well as the formation of a solid electrolyte
interface (SEI) layer.[189,307] The depletion of MoS2 during this process is irreversible, but the SEI
formation continued in the consecutive several cycles. This explains the presence of a very weak
peak at 0.42 V in the following two cycles.[156,318] In the anodic scan the major peak at ∼2.4 V could
be related to the delithiation process of Li2S to Li+ and S.[187] MoS2 was completely converted into
Mo and S in the first cycle and cannot be restored to MoS2. Two new reduction peaks at 1.8 and 1.1
V in the following scans can be attributed to the association of lithium ions with S and Mo,
respectively.[298]

Figure 5.11 The first three discharge/charge profiles of rGO, MoS2 and MSG films at a current
density of 0.1 A g-1.
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The first three discharge-charge profiles of rGO, MoS2, and MSG films are shown in Figure 5.11.
All plateaus in the discharge and charge curves are in good accord with their peaks in CV. The rGO
film displayed an initial Coulombic efficiency (CE) of 53%, attributed to the formation of SEI on
its large surface area and trapping of lithium ions in the defect-rich structure.[268,434] The high initial
CE of 83% from neat MoS2 is mainly due to its compact structure with small surface area for the
formation of SEI.[435] With the decreased structural porosity from the increased total concentration
of precursors, the initial CE increased to 85% for 2MSG film and 78% for 2MSG6 film, higher than
that of many reported MoS2/graphene composites.[186,304,319]

Figure 5.12 (a-b) Rate capabilities of rGO, neat MoS2 and MSG films; (c-d) Nyquist plots of rGO,
and MSG films over a frequency range of 100 kHz to 10 mHz (inset in c and d, equivalent circuit).
Rate capability (Figure 5.12 a-b), EIS, and cycling stability of freestanding rGO and MSG films
were all investigated for comparison. Since the neat MoS2 electrode on a copper foil substrate was
not flexible and had a much lower areal mass loading (∼1.5 mg cm-2), it was not feasible to make a
reasonable comparison; thus, its performance was not included in this work to avoid
misinterpretation. Neat rGO film displayed a capacity of 475 mAh g -1 (0.28 mAh cm-2) at 0.1 A g-1
(fifth cycle). After the addition of MoS2 powders, the capacities were dramatically increased to 716,
752, and 759 mAh g-1 (i.e., 1.22, 1.96, and 3.26 mAh cm-2) for 1MSG2, 2MSG2, and 4MSG2 films,
respectively. MSG films with higher areal mass offered high gravimetric capacity as well. 2MSG4,
2MSG6, and 2MSG8 films delivered a capacity of 735, 707, and 695 mAh g -1 (3.82, 5.80, and 7.71
mAh cm-2), respectively. The areal capacity of 2MSG6 film was higher than those of the reported
folded SnO2/graphene film (4.15 mAh cm-2),[436] typical commercial electrodes (2.5-3.5 mAh cm2 [436]

),

and most MoS2/graphene composites (Table 5.1). 2MSG6 film displayed a high areal capacity
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of 0.98 mAh cm-2 at a high current density of 1 A g-1 (8.2 mA cm-2), which is about twice that of
2MSG2 film (0.52 mAh cm-2 at 1 A g-1).
Nyquist plots of rGO, MoS2 and MSG films were acquired after the rate capability tests and fitted
using equivalent circuits (Figures 5.12 c-d). In the Nyquist plot, the line slope at low frequency is
positively correlated with the ion diffusion rate. The semicircle in medium frequency is related to
charge transfer resistance (Rct) while the intercept at high frequency corresponds to bulk resistance
including solution and contact resistance (Rs). CPE and Wo used in the equivalent circuit represent
constant phase element and Warburg impedance, respectively. The R ct value of rGO was 175 Ω,
slightly lower than that of all MSG films (~200 Ω). This confirms that rGO was the main conductive
material in MSG composites and provided a similar electron transfer rate along the rGO networks.
The line slope at low frequency decreased with the areal mass of composites, indicating deteriorating
ions transport resulting from the compact structure. This is well matched with the poor rate
performance from high areal mass MSG films.

Figure 5.13 Cycling stability of MSG films. (a) Cycling stability and areal capacity after cycling of
rGO and all MSG films at a current density of 100 mA g-1; surface SEM images of rGO (b) and
MSG films (c) after cycling tests (scale bar, 25 μm).
Cycling stability was tested after rate capability tests at a current density of 0.1 A g -1 for 200 cycles
(Figure 5.13 a). Neat rGO film showed a very stable capacity during the whole cycling test with
88% of its initial capacity retained. 1MSG2 and 2MSG2 films displayed a small loss in capacity,
dropping during the initial 60 cycles, and then it gradually increased to 617 and 511 mAh g -1 at the
200th cycle, 91% and 79% of the initial capacity, respectively. The capacity degradation at the initial
stage may be due to the volume changes of MoS2 powders and formation of SEI. The following
Page | 128

capacity increase may be mainly due to the porous structure which may provide pathway to
progressively access those embedded MoS2 powders. 2MSG4 and 2MSG6 films with higher MoS2
content all maintained ∼55% of their capacity after 200 cycles, and only 35% was retained for
4MSG2 and 2MSG8 films. These results clearly demonstrate that the films with high MoS2 content
faced severe capacity fading problems, which may be ascribed to volume changes of MoS 2. Taking
areal capacity into consideration, 2MSG6 with a mass loading of 8.2 mg cm-2 delivered the highest
areal capacity of 2.80 mAh cm-2 after 200 cycles, much higher than all other MSG films. It was also
still comparable with previously reported MoS2/graphene-based composite (Table 5.1) and
commercial electrodes (2.5-3.5 mAh cm-2).[351]
All electrodes were examined after the cycling tests (Figure 5.13 b-c) and they all displayed a flatter
surface after the cycling, which can be explained by the following two reasons. First, the film
electrodes were further pressed after being assembled in the coin cell, which resulted in a compact
structure with decreased pore size. Second, the volume expansion resulted from the MoS 2 during
the cycling processes further reduced the pore size. The rGO film kept an intact surface without any
cracks, confirming that the stable structure was responsible for its stable cycling stability. 1MSG2
and 2MSG2 films were basically still in an integral form but with tiny cracks. It may be explained
by the strong rGO skeleton in the composite being able to tolerate the volume expansion of MoS2.
For 2MSG4 and 2MSG6 films, small cracks appeared on the surface, evidencing the occurrence of
structure failures that may trap active materials in isolating sites and lose lithium inventory in
freshly-formed solid-electrolyte interphase layer.[159] 4MSG2 and 2MSG8 films with high MoS2
content presented even worse structural failure, as evidenced by the presence of large cracks on the
surface. All of these results confirmed that the robust rGO skeleton and porous structure could
confine the volume changes of MoS2, highlighting the importance of a stable structure to the cycling
stability.
The optimized ratio between MoS2 and LCGO was found to be 2:1 (MoS2/ LCGO) for 2MSG6,
giving the highest robustness and electrochemical performance. 2MSG6 showed the highest areal
mass of 8.2 mg cm-2 and consequently the highest areal capacity of 5.8 mAh cm-2 at 0.1 mA g-1.
Furthermore, 2MSG6 performed well over the durability tests. The addition of this optimum amount
of MoS2 provided high capacity for 2MSG6 film while the rGO skeletons ensured robustness and a
flexible and porous structure. This structure can provide an enhanced electron transfer network for
good rate capability, high surface area for the loading of more electrolyte ions, and accelerated ion
diffusion rate. The excellent mechanical properties enabled stable performance during cycling.
Moreover, those unique properties may expand the application of MSG films in other batteries such
as sodium-ion batteries or as catalysts for the hydrogen evolution reaction. [437]
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Table 5.1 Cycling performance of some representative MoS2 based composites in half coin cells with lithium foils as counter electrodes.

Composites
(weight ratio of MoS2)

Electrode form

Mass loading
(mg cm-2)

Capacity at 0.1 A g-1
(mAh g-1/mAh cm-2)

Capacity after cycling
(mAh g-1/ mAh cm-2)

Cycling conditions
(Cycles/A g-1)

2MSG6 (78.4%)[This work]

Flexible and
freestanding film

8.2

707/5.8

341/2.8

200/0.1

MoS2/rGO (55%)[438]

Pasting slurry

0.82

1134/0.93

1224/1

100/0.1

MoS2/graphene (6/1)[154]

Pasting slurry

~1.22

~800/0.98

968/1.18

175/0.1

MoS2/PEO/graphene (92%)[298]

Pasting slurry

1 to 5

~700/0.7-3.5

>1000/1-51

80/0.05

MoS2/graphene (86.1%)[291]

Pasting slurry

0.9-1

~1500/1.35-1.5

1351.2/1.22-1.35

200/0.1

MoS2/graphene[305]

Pasting slurry

1.5

~1400/2.1

1290/1.94

50/0.1

MoS2/N-doped graphene (75.5%)[181]

Pasting slurry

~2

~1100/2.2

1102/2.2

100/0.1

MoS2/S-doped graphene (65.6%)[318]

Pasting slurry

1.5

1672/2.51

1546/2.32

300/0.1

Hierarchical MoS2/graphene (69.7%)[325]

Pasting slurry

2

1260/2.52

970/1.94

80/0.1
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MoS2-graphene hybrid (75%)[168]

Pasting slurry

1-2

902/0.9-1.8

870/0.87-1.74

300/0.2

Few-layer MoS2/graphene (70.9%)[308]

Pasting slurry

~0.7

~1200/0.84

1183/0.83

100/0.1

MoS2/N-enriched graphene (70%)[439]

Pasting slurry

~1.5

~1300/1.95

1450/2.18

200/0.1

Graphene wrapped 3D MoS2 (~77%)[326]

Pasting slurry

1.8-2.6

1086/1.95-2.82
(0.5 A g-1)

897/1.615-2.332

50/0.5

3D Porous MoS2-reduced graphene oxide
(70.4%)[187]

Flexible and
freestanding film

1.5

799/1.2

450/0.68

500/0.4

Layered MoS2/graphene (79.2%)[323]

Pasting slurry

~0.68

~1100/0.75

1063/~0.72

100/0.1

3D hierarchical MoS2/graphene[348]

Flexible and
freestanding film

2

1298/2.6

870/1.74

200/1

Vertically aligned MoS2/ exfoliated
graphene (95%)[304]

Pasting slurry

~1

1385/1.39

1250/1.25

150/1

NG-MoS2 (79.4%)[319]

Flexible and
freestanding film

2

1875/3.75

980/1.96

400/1

Hollow MoS2/rGO composites (81%)[315]

Pasting slurry

1-1.5

1100/1.1-1.65

752/0.75-1.13

100/0.5

Glycerol-controlled hierarchical MoS2[199]

Pasting slurry

1.2

1345/1.614

1027/1.232

100/0.1

Hierarchical MoS2 hollow nanospheres[148]

Pasting slurry

~1

1270/1.27

1100/1.1

100/0.5
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MoS2/SWCNTs (20%)[234]

Pasting slurry

1

1200/1.2

950/0.95

500/2

CNT/MoS2 tubular hybrids (89.3%)[240]

Pasting slurry

1

1320/1.32

1091/1.09

100/0.1

CNFs@MoS2 (72%)

Pasting slurry

2

1489/2.98

1264/2.53

50/0.1

MoS2/N-doped C nanorods (83%)[144]

Pasting slurry

0.669

1371/0.92

890/0.595

100/1

MoS2/C spheres (91.5%)

Pasting slurry

2-3

794/1.59-2.38

632/1.26-1.9

100/0.1

Core-shell C@MoS2 spheres (83.6%)[248]

Pasting slurry

1.5

566/0.85

652/0.98

100/0.1

MOF-derived N-doped C@MoS2[272]

Pasting slurry

1

1070/1.07

1400/1.4

100/0.1

C@MoS2 nanoboxes (82%)[259]

Pasting slurry

1

1966/1.966

1233/1.233

50/0.1

Hollow C@MoS2 sphere (84.2%)[260]

Pasting slurry

1

1320/1.32

750/0.75

100/0.2

MoS2–amorphous C spheres (65%)[276]

Pasting slurry

1.2

1515/1.818

896/1.075

250/1.5

Crumpled MoS2[175]

Pasting slurry

0.677

1490/1.01

858/0.56

450/0.5

MoS2/rGO (78.7%)[416]

Pasting slurry

1.9-2.3

908/1.73-2.09

670/1.27-1.54

250/1
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O-doped MoS2@C microtube (83.4%)[264]

Pasting slurry

0.84

1495/1.256

970/0.815

100/0.1

MoS2/B, N co-doped graphene[321]

Pasting slurry

0.5

1203/0.6 (0.2 A g-1)

939/0.47

100/0.2

Hierarchical MoS2/ graphene (69.72%)[325]

Pasting slurry

2

1240/2.48

970/1.94

80/0.1

MoS2/graphene hybrid aerogels on carbon
fiber paper[332]

Freestanding film

~1

1720/1.72
(0.2 A g-1)

1709/1.7

100/0.2
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Conclusion
The work in this chapter has developed a simple method to fabricate freestanding flexible
MoS2/reduced graphene oxide (MSG) films directly from low-cost commercial MoS2 powders by
using liquid crystalline graphene oxide (LCGO) to confine these large particles, forming a stable
dispersion. The LC orders in LCGO are robust for holding a high content of large-sized MoS2
powders whilst preserving the LC state. MSG films with a porous sandwiched structure display good
electrochemical performance as anodes in lithium-ion batteries, as the porous structure
accommodates the volume change of MoS2 powders and provides easy access of electrolyte. The
2MSG6 film with 78.5% MoS2 can offer a high areal capacity of 2.8 mAh cm-2 even after 200 cycles
at 0.1 A g-1 (0.82 mA cm-2). This type of freestanding electrode directly fabricated from low-cost
commercial MoS2 powders with high areal mass and good electrochemical performance is attractive
for practical applications. This work also demonstrates the feasibility of solution processing
undispersible and large-sized materials by using a LCGO dispersion.
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Chapter 6. Conclusions and Outlook
Conclusions
Molybdenum disulfide (MoS2), a representative of two-dimensional (2D) transition metal
dichalcogenides (TMDs) material, is a promising anode material for lithium ion batteries (LIBs)
with high theoretical capacity. However, its inherent low conductivity and the volume changes that
occur during the charge/discharge processes limit the rate capability and cycling stability. Moreover,
the research on robust freestanding MoS2-based electrodes for flexible batteries is still at an early
stage, particularly for those with high areal mass.
This thesis focuses on developing high-performance MoS2 based composites as anodes materials for
LIBs, including flexible electrodes with high areal mass for soft LIBs. Two effective methods have
been applied for achieving high and stable electrochemical performance. They include the creation
of 3D porous structures and the incorporation of carbon materials. Two types of carbon materials,
namely amorphous nitrogen-doped carbon and graphene, have been used to form 3D porous
composites with MoS2. An interfacial and easily scalable self-assembly method has also been
developed to fabricate freestanding and flexible MoS2/graphene composite films.
In Chapter 3, tubular MoS2/carbon nanotubes (CNT) composites and granular MoS2/carbon
nanoparticles (CNP) composites are synthesized by a hydrothermal reaction with polypyrrole (PPy)
nanotubes or nanoparticles as the growth template, coupled with a subsequent annealing process.
The superior lithium storage performance from MoS2/CNT composite compared to that of
MoS2/CNP emphasizes the importance of a 3D porous structure, which provides high surface area
facilitating electrolyte ions diffusion and accommodating the volume changes. Moreover, the
introduced nitrogen-doped carbon component provides abundant active sites to store more Li + for
an elevated capacity. The high conductivity of nitrogen-doped carbon also enhances the electrons
transport leading to excellent rate performance.
In Chapter 4, a novel facile self-assembly fabrication method is developed to realize freestanding
flexible and porous MoS2-reduced graphene oxide (MG) films, by utilizing the interaction between
liquid crystalline graphene oxide (LCGO) and exfoliated MoS2 sheets. The self-assembled layered
structure, small MoS2 sheets sandwiched by large rGO sheets, is fundamental in forming MG
hydrogels at a low temperature of 70 °C and normal atmosphere (1 atm). Such structure overcomes
the restacking problem of MoS2, while the porous structure accommodates the volume expansion of
MoS2 for a stable cycling performance. The enhanced charge transfer network formed by highly
conductive rGO nanosheets and the fast diffusion rate of electrolyte ions via the interconnected
structure contribute to the good rate capability. Moreover, this binder-free MG composite film
displays excellent flexibility, demonstrating its potential application in flexible LIBs.
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To fabricate freestanding and flexible MG film electrodes with a high areal mass close to
commercial electrodes, the above LCGO-based fabrication process is further developed. In Chapter
5, the dispersion containing large-sized commercial MoS2 powders and LCGO is used to fabricate
MSG films. The LC order in LCGO is robust enough to hold high content of large MoS2 particles
whilst preserving the LC state, indicative of the formation of a stable layer-by-layer sandwich
structure. The formed porous MSG films deliver good areal capacity and stable cycling performance,
which may be ascribed to the porous structure offering increased surface area, easy access of
electrolyte and accommodated volume change of MoS2, in addition to the fast electron transport
network from the 3D conductive graphene skeleton. This work demonstrates not only the
development of practical MSG films for flexible batteries but also the feasibility of solution
processing non-dispersible and large-size materials with LCGO dispersion.
Overall, this thesis demonstrates the successful synthesis of three kinds of high-performance MoS2based composites: nanofeature-defined MoS2/nitrogen doped carbon nanotubes, and two types of
freestanding and flexible MoS2/reduced graphene oxide films fabricated from the dispersions
containing LCGO and exfoliated MoS2 or commercial MoS2 powders. These works well
demonstrate the important role of a 3D porous structure and the incorporated carbon materials in
promoting the lithium storage performance of MoS2. Most importantly, the developed easily scalable
self-assembly gelation process via electronic interaction is a promising and easily scalable method
for fabricating freestanding, flexible and porous MoS2/graphene films with excellent
electrochemical performance at low cost. This method can be easily expanded to fabricate other
metal compounds/graphene films with high areal-mass and is attractive for practical applications as
well.

Outlook
Porous MoS2/carbon materials composites have demonstrated impressive lithium storage
performance and are considered as promising anode materials for LIBs. It should be pointed out that
further improvement is still needed to meet the requirement for practical application in battery
industries, which also calls for the deep insight into the structure-property relationship to guide the
design and fabrication of new materials. For example, the understanding of the relationship between
the porous structure and overall electrochemical performance is not comprehensive. The content of
graphene in freestanding flexible MoS2/graphene films should be optimized to achieve both good
electrochemical performance and high mechanical strength. Moreover, the applicability of the
LCGO-based self-assembly method needs to be explored for processing different types of
freestanding flexible electrodes to demonstrate its versatility and scalability for practical
applications. Some future research directions are outlined below.
The porous structure in MoS2/carbon materials (MC) nanocomposites commonly offer the merits of
high surface area and fast diffusion pathway, as well as accommodating the volume expansion of
MoS2, bringing superior gravimetric performance.[440] However, the areal and volumetric
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electrochemical performances, two important parameters for practical applications, are usually
ignored. The effects of the pore properties including pore shapes, pore sizes and pore numbers on
the gravimetric, areal and volumetric electrochemical performance of MoS2 needs to be
systematically investigated. Templates-shaped method with merits of simplicity, high effectiveness
and good controllability is preferable for this research to produce porous nanocomposites with
different pores. For example, Fe2O3 cubes[259] and monodisperse sulfonated polystyrene (SPS)
spheres[270] with a size of about 500 nm can be used to investigate the effects of different pore shapes
on the electrode performance. The spherical template of sulfonated polystyrene (500 nm) can also
be compared with SiO2 spheres[260] of 300 nm to optimize the pore size for the overall
electrochemical performance. Different amounts of SiO2 spheres can be used to control the pore
numbers in MC composites and study the changes of performance with pore numbers. The
understanding of the relationship between porous structures and the performance may provide useful
guidance for designing nanostructures in high-performance MoS2 based anodes and be applicable to
other materials-based electrodes as well.
The developed self-assembly gelation method in this thesis can be easily expanded to fabricate freestanding composite films of different promising anode materials with LCGO. The incorporation of
graphene with other TMD materials (MoSe2, WS2, etc)[441,442] apart from MoS2, transition metal
oxides (Co3O4, MoO3, etc)[443,444] and 2D MXenes (transition metal carbides, nitrides and
carbonitrides)[445–447] has produced a variety of high-performance composites. However, most of
them are in powder form. LCGO nanosheets with robust liquid crystalline structure can be used to
process them into freestanding and flexible aerogel films, as LCGO has the capability to host and
stabilize these materials due to the robust liquid crystalline state of LCGO nanosheets and the
electrostatic interaction in-between. This fabrication method is expected to be applicable to fabricate
flexible cathodes as well, which are required to couple with anodes for constructing flexible full
LIBs. Recently, the current researcher has demonstrated the feasibility of preparing stable
LiFePO4/LCGO mixture by directly mixing LiFePO4 powders with LCGO dispersion. As displayed
in Figure 6.1 a, birefringence pattern is shown in the POM image of LiFePO4/LCGO mixture,
indicating the presence of liquid crystalline state and the formation of layer-by-layer structure with
LiFePO4 sandwiched between LCGO nanosheets. This LiFePO4/LCGO mixture also displayed good
stability even after 1 week (Figure 6.1 b). These results clearly demonstrate the possibility of
fabricating freestanding and flexible LiFePO4/rGO cathodes using the self-assembly method
developed in this thesis.
These freestanding flexible electrodes need to be of high structure stability to ensure a stable
performance during the charging/discharging cycles and/or the deformation. High strength can be
achieved by increasing the content of graphene or introducing other supporting materials such as
carbon nanotubes (CNTs). However, this may decrease the content ratio of MoS2 thus lowering the
lithium storage performance. Therefore, the trade-off between the performance and strength of film
electrodes need to be investigated and optimized. For flexible full LIBs, the optimal matching
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between anode and cathode with different capacity and mass loading also needs to be identified to
achieve high utilization of active materials for high performance.

Figure 6.1 (a) Polarized optical microscopy (POM) image of LiFePO 4/LCGO mixture; (b) Digital
image of LiFePO4/LCGO mixture after standing for 1 week.
The development of high-performance microscale batteries is driven by the increasing demand of
microsized electronics such as micro-electromechanical systems (MEMS) and biomedical
sensors.[448] Extrusion 3D printing technique is a promising and cost-effective technique for
fabricating microsized electrodes or even microsized full LIBs due to its advantages of
miniaturization, autonomous shaping, and controllable structural prototyping. [419,449] The LCGO
used in this thesis work possesses the shearing-thinning behaviour, which can be used to develop
inks composed of LCGO and electrode materials for 3D extrusion printing. [396,419] The high and
stable apparent viscosity enabled by the preserved LC state can provide the LCGO based mixtures
with good printability.[419,448] Therefore, inks of MoS2/LCGO, and LiFePO4/LCGO with suitable
viscosity can be developed to continuously print microsized electrodes. For a proof of concept study,
the current PhD researcher has done some preliminary work to investigate the feasibility of using
MoS2/LCGO mixture as ink for extrusion 3D printing. As shown in Figure 6.2, a MoS2/LCGO
sample grid with an interval of only 0.84 mm was successfully prepared. The grid structure
maintained a stable structure during the printing and following freeze-drying process, proving the
feasibility of using this type of LCGO-stabilized MoS2 ink to print microsized electrodes.
To sum up, this PhD candidate’s future work on LIBs will focus on investigating the effects of
porosity on the overall electrochemical performance as well as expanding the applications of the
mixed dispersion of LCGO and active materials. The study on the electrode porosity can provide
some guidelines to develop the desirable nanostructures for MoS2/carbon electrodes and other active
materials-based electrodes. The research on LCGO/active materials mixtures with self-assembly
properties will not only focus on fabricating freestanding flexible electrodes for high-performance
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flexible batteries but also developing printable inks for producing microsized electrodes by a 3D
extrusion printing technique. All these future research directions will promote the development of
high-performance electrodes and batteries.

Figure 6.2 3D printed MoS2/LCGO sample.
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